Data are available from Figshare (DOI: [10.6084/m9.figshare.12557708.v1](https://doi.org/10.6084/m9.figshare.12557708.v1)).

Introduction {#sec001}
============

The global extent of primaryaold-growth forest has declined markedly over the past few centuries through the cumulative and increasing impact from anthropogenic activities within these forest landscapes \[[@pone.0230221.ref001]--[@pone.0230221.ref003]\]. The boreal forest, most of which is situated in Canada and Russia, is currently the largest reserve of natural forest on our planet \[[@pone.0230221.ref003]\]. Boreal old-growth forest has also experienced rapid loss over the last centuries \[[@pone.0230221.ref001],[@pone.0230221.ref004],[@pone.0230221.ref005]\]. The remaining old-growth forests are critically important to biodiversity, water resources, carbon sequestration and storage, and these stands remain integral elements of indigenous societies and even human health \[[@pone.0230221.ref003],[@pone.0230221.ref006]\]. The sustainable management of boreal forests has a primary goal of protecting the remaining old-growth forests. Restoring the integrity of intact forests is also an urgent issue; this is especially true in Fennoscandia where old-growth forests have been almost completely eliminated \[[@pone.0230221.ref007]\]. We are therefore facing a critical situation where novel silvicultural practices and restoration strategies are now priorities in the context of the global biodiversity crisis, climate change, and forest sustainability.

Effective forest restoration strategies require an accurate understanding of the natural dynamics of old-growth forests. Tree regeneration is an essential process in forest ecosystems to ensure the persistence and resilience of forest stands when subjected to various disturbances \[[@pone.0230221.ref008],[@pone.0230221.ref009]\]. Forest science is therefore placing increased importance on understanding tree regeneration following natural and anthropogenic disturbances (e.g., \[[@pone.0230221.ref010]--[@pone.0230221.ref016]\]). Nonetheless, regeneration dynamics in old-growth forests remain an understudied subject in ecology; this absence is particularly true for the boreal biome. Moreover, because of the scarcity of old-growth stands in many boreal regions, conducting studies related to this subject is often challenging, given the lack of reference sites. This need for baseline data underscores the important scientific value of the boreal biome in eastern Canada where some regions still contain large intact stands of forest as intensive forest management practices began only relatively recently, i.e., since the 1960s \[[@pone.0230221.ref017],[@pone.0230221.ref018]\]. The study of regeneration dynamics in the boreal old-growth forests of eastern Canada can thus benefit all boreal regions, especially areas where these ecosystems have been almost completely eliminated.

Black spruce (*Picea mariana* (L.) Mill.) and balsam fir (*Abies balsamea* (L.) Mill.) are the two main late-successional species in the eastern Canadian boreal forest \[[@pone.0230221.ref019]\]. Pure black spruce or mixed black spruce--balsam fir stands are the most common old-growth forest types in eastern Canada \[[@pone.0230221.ref019]--[@pone.0230221.ref021]\]. Old-growth forests are also, however, the most logged forest type in this territory, leading to the rapid loss of old-growth forest surfaces \[[@pone.0230221.ref005],[@pone.0230221.ref022],[@pone.0230221.ref023]\]. Pure black spruce stands are under even greater pressure as this specific old-growth forest type is most selected for logging given the high economic value of this species \[[@pone.0230221.ref023]\].

Both black spruce and balsam fir are well adapted to long (\>150 years) periods of suppressed growth in the understory \[[@pone.0230221.ref024]--[@pone.0230221.ref026]\]. These species are also able to regenerate under their own cover, mostly through vegetative reproduction for black spruce---regeneration by layers---and sexual reproduction, i.e., seed origin, for balsam fir \[[@pone.0230221.ref019]\]. Previous studies have highlighted that the seedling densities of black spruce and balsam fir are similar under gaps or canopy cover \[[@pone.0230221.ref027]--[@pone.0230221.ref029]\]. Where a gap in the canopy opens as a result of a secondary disturbance (e.g., insect outbreak or windthrow), the gap-fillers are generally pre-established regeneration rather than seeds or layers, which become established following the disturbance \[[@pone.0230221.ref030],[@pone.0230221.ref031]\]. Once a gap is created, the regeneration trees of both species increase their vertical growth to reach the overstory relatively quickly \[[@pone.0230221.ref026],[@pone.0230221.ref032],[@pone.0230221.ref033]\]. However, black spruce and balsam fir differ in their ecological strategies in terms of growth, sensitivity to primary and secondary disturbance, resistance to fire, and seed dispersal; thus, these differences should vary their respective regeneration dynamics. Balsam fir regeneration is seen as being more competitive than that of black spruce owing to balsam fir seedlings' faster and more intense growth response to canopy openings \[[@pone.0230221.ref031],[@pone.0230221.ref034]\]. Balsam fir, however, is more vulnerable to spruce budworm (*Choristoneura fumiferana* (Mills.)) outbreaks, windthrow, and root rot than black spruce \[[@pone.0230221.ref035]--[@pone.0230221.ref038]\]. Moreover, balsam fir seeds are not adapted to fire, making this species strongly dependent on the proximity of seed-trees, as opposed to black spruce, which is very well adapted to fire events \[[@pone.0230221.ref039]\]. Black spruce also outcompetes balsam fir on wet soils \[[@pone.0230221.ref039]\].

From the abovementioned observations, stands in the old-growth forests of eastern Canada are expected to shift between black spruce--dominated stands and black spruce--balsam fir mixed stands over time \[[@pone.0230221.ref021],[@pone.0230221.ref028],[@pone.0230221.ref040]\]. As well, the structure of these stands varies over time (decades and centuries), even though tree species' composition remains the same \[[@pone.0230221.ref040],[@pone.0230221.ref041]\]. At a decennial scale, it is therefore likely that the characteristics of the understory, e.g., tree density or tree species composition within the regeneration layer, will change significantly and rapidly because of the succession of tree-mortality and canopy-closure phases.

Understanding the regeneration process in old-growth forests is therefore critical for developing management strategies and silvicultural treatments that minimize differences between managed and unmanaged forests \[[@pone.0230221.ref042]\]. Our study objective is to identify the main patterns and factors involved in the regeneration dynamics of black spruce and balsam fir in eastern Canadian boreal old-growth forests under natural secondary disturbance regimes. Therefore, we do not consider natural stand-replacing disturbances (crown fires) or anthropogenic disturbances (logging) in this study. We hypothesize that (1) for both black spruce and balsam fir, sapling density will increase in relation to the secondary disturbance--related structural changes, such as an opening of the canopy or an increase in deadwood volume, and (2) the main differences between the general patterns of regeneration dynamics for black spruce and balsam fir are due to abiotic constraints and the availability of proximal balsam fir seed-trees.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

This study was carried out in Quebec\'s public forests and outside any protected area. Quebec\'s Ministry of Forests, Wildlife and Parks, the governmental authority responsible for these areas, gave us permission to take samples from trees when necessary. No permit was required to conduct the field surveys. This research did not involve endangered or protected species

Study area {#sec004}
----------

Our study involved a 2 200 km^2^ region of public forest southeast of Lake Mistassini, Quebec, Canada ([Fig 1](#pone.0230221.g001){ref-type="fig"}) within an area extending between 50°07ʹ23ʺN to 50°30ʹ00ʺN and 72°15ʹ00ʺW to 72°30ʹ00ʺW. The study zone is crossed by the Mistassini, Ouasiemsca, and Nestaocano rivers and lies within the western subdomain of the black spruce--feather moss bioclimatic domain \[[@pone.0230221.ref043]\]. Regional climate is subarctic with a short growing season (120--155 days). Mean annual temperature ranges between −2.5 and 0.0°C, and mean annual precipitation varies from 700 to 1000 mm \[[@pone.0230221.ref043]\]. Surficial deposits consist mainly of thick glacial till, forming a low-lying topography characterized by gentle hills that vary in altitude from 350 to 750 m asl \[[@pone.0230221.ref044]\]. Black spruce and balsam fir dominate the stands across this territory, and jack pine (*Pinus banksiana* Lamb.), white spruce (*Picea glauca* (Moench) Voss), paper birch (*Betula papyrifera* Marsh.), and trembling aspen (*Populus tremuloides* Michx.) are the secondary tree species.

![Map of the study territory showing the location of the sample sites (red filled circles).\
The insert map indicates the location of the study territory in the province of Quebec, Canada (red dot). The cartographic data used to generate this comes from freely available maps map ("*Carte écoforestière du troisième inventaire*" and "*Classification écologique du territoire québécois*"), published by the Government of Quebec (<https://www.donneesquebec.ca/fr/>). This map was produced with the ArcGIS Desktop software, version 10.7.1.](pone.0230221.g001){#pone.0230221.g001}

Fire is the main driver of natural stand-replacing disturbances on this territory \[[@pone.0230221.ref045]\], whereas spruce budworm outbreaks are the principal agent of secondary disturbance \[[@pone.0230221.ref026]\]. This territory was unmanaged until 1991 when intensive timber exploitation began, mostly by clearcutting. The harvested area remained relatively low until 2000; harvesting increased significantly after this date.

Experimental design {#sec005}
-------------------

We sampled 71 stands in the study area, in either 2015 or 2016, and applied a stratified random sampling approach. All surveyed stands were primary forests and undisturbed by human activities, such as logging. Site selection considered two main criteria: (1) that sites reflected the six dominant "ecological types" found within the study area, according to the ecological classification of the Quebec Ministry of Forests, Wildlife and Parks (MFWP) \[[@pone.0230221.ref043]\], and (2) that sites must contain two minimal stand-age classes (80--200 years and \>200 years). Ecological types are defined through a combination of site potential vegetation, slope classes, surface deposits, and drainage classes. The six dominant MFWP ecological types covered more than 72% of the forested area on the study territory. They included: (1) balsam fir--white birch potential vegetation having moderate slopes, till deposits, and mesic drainage; (2) black spruce--balsam fir potential vegetation having moderate slopes, till deposits, and mesic drainage; (3) black spruce--feather moss potential vegetation (BSFM) having gentle slopes, sand deposits, and xeric drainage; (4) BSFM having gentle slopes, till deposits, and mesic drainage; (5) BSFM having gentle slopes, till deposits, and subhydric drainage; and (6) BSFM having gentle slopes, organic deposits, and hydric drainage.

The age classes correspond to the successional stages of the transition process toward the old-growth stage in Quebec boreal forests \[[@pone.0230221.ref020],[@pone.0230221.ref046],[@pone.0230221.ref047]\]: 80--200 years (beginning of the transition toward an old-growth forest) and \>200 years (end of the transition to an old-growth forest). However, data from aerial forest inventories conducted by the Quebec government did not provide sufficient resolution to discriminate stands older or younger than 200 years. We therefore used GIS software to identify old stands (estimated age \>80 years) in the study area corresponding to the target potential vegetation. In addition, we chose only those polygons for which one of the stand edges fell within 200 m of a road. We conducted preliminary surveys of the stands, during which we collected cores from the root collar of five dominant or codominant trees per site. We determined from tree-ring counts of these cores using a binocular microscope.

As the study area is very remote and has limited road access, we added additional logistical criteria to the site selection process; for example, we sampled only sites that were accessible via the existing road network. As well, our surveys were systematically placed at 125 m from the stand edge to limit the influence of the edge effect. As a result of the various constraints detailed above, the final selection of sample stands reflected the availability and accessibility of the different stand types in the study area.

Plot measurements {#sec006}
-----------------

At each site, we established a permanent square plot (400 m^2^) as the basis for all subsequent transects and subplots ([Fig 2](#pone.0230221.g002){ref-type="fig"}). For each plot, we sampled all merchantable trees---trees having a diameter at breast height (DBH) ≥9 cm---in each 400-m^2^ plot. The sampled attributes were species, DBH, and vitality (alive or dead). We then surveyed all saplings---stems having a DBH \<9 cm and height ≥1.3 m---in two 100-m^2^ (10 m × 10 m) subplots within the larger plot ([Fig 2](#pone.0230221.g002){ref-type="fig"}). The sampled attributes for saplings were species and DBH. To count seedlings and quantify their attributes, we established twenty-five 4-m^2^ circular plots along five 25-m-long transects (5 circular plots/transect) that extended out from the center of the 400-m^2^ plot. The angle between two neighboring 25 m-long transects was equal to 72°. Transect 1 was the transect oriented due north. Along a transect, the first circular plot was placed 5 m from the center of the 400-m^2^ plot, with the following circular plots each separated by 5 m. In each 4-m^2^ plot, we inventoried all seedlings by tree species. We also measured gap length along the five 25-m-long seedling transects. We defined gaps as all sections along the transect where the canopy was less than two-thirds height of the dominant trees \[[@pone.0230221.ref028]\] and representing a space greater than 2 m. We included this second criterion to avoid confusion between actual gaps and the natural separation between tree crowns in these forests \[[@pone.0230221.ref040]\]. We defined the size of our study from other similar studies and the forest survey methods of the Quebec provincial government \[[@pone.0230221.ref015],[@pone.0230221.ref048]\].

![Schematic representation of the experimental design used for the sample sites.\
N: north; CWD: coarse woody debris.](pone.0230221.g002){#pone.0230221.g002}

In addition to these seedling transects, we surveyed coarse woody debris along four 20-m-long transects that followed the edges of the 400-m2 plot. We surveyed the diameter of any coarse woody debris intersecting with the transect. We recorded this information for only debris having a diameter \>9 cm at the transect intersection. Debris items buried in the organic layer at a depth \>15 cm were not sampled. We determined the site's soil type by digging a soil profile at the center of the 400-m2 plot. To determine the topography of the plot, we used a clinometer to measure slope. All sampled data were collected in the same year for each plot.

Data compilation {#sec007}
----------------

We applied the following equation to estimate regeneration attributes, i.e., seedling and sapling density, for black spruce and balsam fir: $$D~ = ~{\sum\limits_{i~ = ~1}^{n}R}~ \times ~\frac{10~000}{\sum\limits_{i~ = ~1}^{n}S}$$ where *D* corresponds to the density per hectare, *R* is the number of seedlings or saplings sampled in each of the *n* plots surveyed, and *S* represents the surface (in m^2^) of each of the *n* plots.

Martin et al. \[[@pone.0230221.ref040]\] had previously computed several structural and environmental attributes for each of the sampled sites used in this study ([Table 1](#pone.0230221.t001){ref-type="table"}). Some of these attributes relate to stand structure, including merchantable tree density, basal area, Weibull's shape parameter of diameter distribution \[[@pone.0230221.ref049]\], and gap fraction, i.e., the ratio between gap length and total transect length, sensu Battles et al. \[[@pone.0230221.ref050]\]. Other attributes relate to stand composition, such as the basal area proportion of balsam fir. For estimating deadwood, Martin et al. \[[@pone.0230221.ref040]\] computed the volume of coarse woody debris per hectare using the formula of Marshall et al. \[[@pone.0230221.ref051]\]; however for this study, we also calculated the basal area of snags, i.e., merchantable dead trees at each study site, an attribute absent from the earlier Martin et al. \[[@pone.0230221.ref040]\] study. We evaluated forest succession from the minimum time since the last fire, i.e., the age of the oldest tree sampled, and the cohort basal area proportion (CBAP; sensu \[[@pone.0230221.ref052]\]). The latter attribute is an indicator of the stand transition from an even-aged to old-growth stage, i.e., the stage where almost all trees of the first cohort following the last stand-replacing disturbance have disappeared. A CBAP ≈ 0 indicates a stand where all trees belong to the first cohort, and a CBAP = 1 indicates a stand where the first cohort has been replaced entirely by a new shade-tolerant cohort. Finally, we detailed the topographic and pedologic characteristics of the studied stands using slope and the depth of the organic horizon, respectively.

10.1371/journal.pone.0230221.t001

###### Description of the regeneration, stand structure, and abiotic attributes measured at the study sites, adapted from Martin et al. \[[@pone.0230221.ref040]\].

![](pone.0230221.t001){#pone.0230221.t001g}

  Category          Attribute                                                           Unit      Description
  ----------------- ------------------------------------------------------------------- --------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Regeneration      Black spruce seedling density                                       n/ha      Number of living black spruce seedlings per hectare
                    Black spruce sapling density                                        n/ha      Number of living black spruce saplings per hectare
                    Balsam fir seedling density                                         n/ha      Number of living balsam fir seedlings per hectare
                    Balsam fir sapling density                                          n/ha      Number of living balsam fir saplings per hectare
  Stand structure   Tree density[\*](#t001fn001){ref-type="table-fn"}                   n/ha      Number of living merchantable stems per hectare
                    Basal area[\*](#t001fn001){ref-type="table-fn"}                     m^2^/ha   Basal area of the living merchantable trees per hectare
                    Balsam fir proportion[\*](#t001fn001){ref-type="table-fn"}          \%        Proportion of balsam fir in the basal area
                    Coarse woody debris volume[\*](#t001fn001){ref-type="table-fn"}     m^3^/ha   Coarse woody debris volume per hectare
                    Snag basal area                                                     m^2^/ha   Basal area of the dead merchantable trees per hectare
                    Gap fraction[\*](#t001fn001){ref-type="table-fn"}                   \%        Mean percentage of the canopy under gaps
                    Stand height[\*](#t001fn001){ref-type="table-fn"}                   m         Mean height value of the dominant trees sampled at each site
                    Weibull's shape parameter[\*](#t001fn001){ref-type="table-fn"}      \-        Weibull's function shape parameter (WSP, Bailey and Dell 1973) based on the diameter distribution of saplings and merchantable trees. A WSP of ≥1.5 represents a Gaussian distribution of the diameters, 1 ≤ WSP \< 1.5 reflects an irregular distribution, and WSP \<1 describes a reverse J-shaped distribution
                    Cohort basal area proportion[\*](#t001fn001){ref-type="table-fn"}   \-        Replacement index of the even-aged cohort by old-growth cohorts, as defined by Kneeshaw and Gauthier (2003), and values range from 0 to 1. CBAP = 0 indicates a stand having a single even-aged cohort, and CBAP = 1 indicates a stand where old-growth cohorts have replaced all of the even-aged cohort
  Abiotic           Minimum time since last fire[\*](#t001fn001){ref-type="table-fn"}   years     Age of the oldest tree
                    Slope                                                               \%        Mean slope value within the 400-m^2^ plot
                    Organic horizon thickness[\*](#t001fn001){ref-type="table-fn"}      cm        Mean thickness of the organic horizon of the soil profile

"\*" indicates attributes computed by Martin et al. \[[@pone.0230221.ref040]\].

Data analysis {#sec008}
-------------

First, we performed k-means clustering \[[@pone.0230221.ref053]\] on black spruce and balsam fir regeneration attributes to identify the main patterns driving the regeneration dynamics of these two tree species in eastern Canadian boreal old-growth forests. To highlight the differences between the two species, we ran k-means clustering separately for each species. The clustering of black spruce regeneration relied on black spruce seedling and sapling densities of all 71 sites. Similarly, clustering of balsam fir regeneration also relied on balsam seedling and sapling densities; however, balsam fir seedlings and saplings were absent in 24 sites. We thus removed these sites for the clustering of balsam fir (47 plots remaining) to eliminate any influence from sites lacking this balsam fir regeneration. For each cluster analysis, we determined the optimal number of regeneration clusters using the simple structure index (SSI; \[[@pone.0230221.ref054]\]) criterion. The highest SSI value indicates the optimal k-means clustering partition. Separately for both species, we compared regeneration as well as the structural and environmental attributes within the clusters. We used analysis of variance (ANOVA) when the ANOVA conditions were fulfilled (data normality and homoscedasticity) or Kruskal-Wallis nonparametric analysis of variance when these conditions were not met. When ANOVA or the Kruskal-Wallis tests were significant, we performed a Tukey post hoc test \[[@pone.0230221.ref055]\] or a Fisher's least significant difference test \[[@pone.0230221.ref056]\], respectively. Moreover, we also calculated Spearman's rank correlation coefficient between the regeneration and structural/environmental attributes. This analysis served to provide valuable information for interpreting our results by highlighting the strength of the relationship between regeneration and these various attributes. As a complement to Spearman's rank correlation, we also performed bootstrapped linear regression to calculate the relative importance of the structural and environmental attributes for black spruce and balsam fir regeneration, following the methodology of Lindeman et al. \[[@pone.0230221.ref057]\]. For each regeneration attribute (i.e., black spruce or balsam fir, seedling or sapling), we used only the structural and environmental attributes found to be significant in the Spearman's rank correlation test, for which we ran 10 000 bootstrapping iterations.

Given that the stands were not monitored over time, we accounted for the combinations of particular structural attributes as indicators of the age and severity of disturbance. For example, we consider a high gap fraction, a large volume of woody debris, and a small basal area to indicate a recent disturbance of low to moderate severity \[[@pone.0230221.ref058]\]. Nonetheless, the exact cause of the disturbance (e.g., insect outbreak or windthrow) remains impossible to determine. Similarly, we considered the slope and thickness of organic matter in the soil as respective indicators of site topography and drainage. All analyses were performed using R software, version 3.3.1 \[[@pone.0230221.ref059]\] and the *vegan* \[[@pone.0230221.ref060]\], *Hmisc* \[[@pone.0230221.ref061]\], *relaimpo* \[[@pone.0230221.ref062]\] and *agricolae* \[[@pone.0230221.ref063]\] packages, applying a *p*-threshold of 0.05.

Results {#sec009}
=======

Black spruce and balsam fir regeneration {#sec010}
----------------------------------------

For the cluster analysis of black spruce regeneration, we determined eight clusters to be optimal (SSI = 2.23; [Fig 3](#pone.0230221.g003){ref-type="fig"}). Black spruce seedling and sapling densities differed significantly between the black spruce regeneration clusters (BS; [Table 2A](#pone.0230221.t002){ref-type="table"}). Black spruce seedling density was more than 8× higher in cluster BS8, having the highest density (26 543 seedlings/ha), than in cluster BS1, characterized by the lowest seedling density values (3 008 seedlings/ha). Black spruce seedling density did not differ between clusters BS4, BS5, and BS6. Regarding the density of black spruce saplings, cluster BS1---having the lowest values at 322 saplings/ha---contained a sapling density 12× lower than that of cluster BS5, which had the highest density of black spruce seedlings at 3 783 saplings/ha. The remaining clusters, characterized by intermediate values of black spruce sapling density, aligned along a gradient. We also observed significant differences in balsam fir seedling density between clusters. For balsam fir seedling density within the clusters of black spruce regeneration, we observed significant differences, ranging from 873 seedlings/ha (lowest value, cluster BS7) to 9 720 seedlings/ha (highest value, cluster BS1); however, balsam fir sapling density did not differ significantly between the clusters.

![(A) Density of black spruce seedlings and saplings at the 71 studied sites, grouped by black spruce regeneration clusters. (B) Value of the SSI criterion according to the number of clusters for black spruce, using k-means clustering. Filled circle in (B) indicates the highest value of the SSI criterion.](pone.0230221.g003){#pone.0230221.g003}

10.1371/journal.pone.0230221.t002

###### Mean and standard deviation of the regeneration attributes for (A) black spruce regeneration clusters and (B) balsam fir regeneration clusters.

![](pone.0230221.t002){#pone.0230221.t002g}

  -------------------------------------- -------------------- -------------------- -------------------- ------------------- ------------------- -------------------- ------------------- -------------------
  **A: Black spruce regeneration**       ** **                ** **                ** **                ** **               ** **               ** **                ** **               
  **Cluster**                            **BS1 (*n* = 10)**   **BS2 (*n =* 11)**   **BS3 (*n =* 17)**   **BS4 (*n =* 6)**   **BS5 (*n =* 3)**   **BS6 (*n =* 11)**   **BS7 (*n =* 6)**   **BS8 (*n =* 7)**
  Black spruce seedling density (n/ha)   3 080 ± 1 959 e      4 882 ± 2 177 d      10 906 ± 2 096 c     9 683 ± 2 048 c     11 267 ± 1 582 c    17 836 ± 2 777 b     21 850 ± 3 365 a    26 543 ± 4 295 a
  Black spruce sapling density (n/ha)    322 ± 257 f          1 175 ± 251 d        1 019 ± 286 d        2 233 ± 353 bc      3 783 ± 484 a       1 773 ± 269 c        742 ± 277 e         3 082 ± 532 ab
  Balsam fir seedling density (n/ha)     9 720 ± 7 920 a      5 773 ± 7 621 ab     1 835 ± 4 253 c      1 917 ± 4 224 c     3 333 ± 5 687 ac    873 ± 2 039 c        6 317 ± 8 655 ab    2 357 ± 5 474 bc
  Balsam fir sapling density (n/ha)      1 492 ± 1 499        2 516 ± 3 374        228 ± 495            500 ± 765           608 ± 1 032         125 ± 357            592 ± 668           200 ± 416
  **B: Balsam fir regeneration**         ** **                ** **                ** **                ** **               ** **               ** **                ** **               
  **Cluster**                            **BF1 (*n =* 28)**   **BF2 (*n =* 11)**   **BF3 (*n =* 3)**    **BF4 (*n =* 5)**                                                                 
  Black spruce seedling density (n/ha)   14 379 ± 7 824 a     10 773 ± 9 688 ab    1 900 ± 794 b        9 180 ± 7 258 ab                                                                 
  Black spruce sapling density (n/ha)    1 670 ± 1 025 a      1 282 ± 1 131 ab     1 283 ± 388 ab       470 ± 151 b                                                                       
  Balsam fir seedling density (n/ha)     957 ± 1 520 c        9 827 ± 3 243 b      1 6267 ± 5 460 ab    1 8740 ± 2 756 a                                                                 
  Balsam fir sapling density (n/ha)      223 ± 397 c          1 464 ± 683 b        7 442 ± 1 934 a      2 590 ± 1 066 ab                                                                 
  -------------------------------------- -------------------- -------------------- -------------------- ------------------- ------------------- -------------------- ------------------- -------------------

Different letters indicate significant differences at *p* \< 0.05, following a \> b \> c \> d \> e. BS: black spruce; BF: balsam fir. All the analyses were performed using Kruskal-Wallis tests.

For balsam fir regeneration, two and four clusters produced an identical SSI criterion value of 1.14 ([Fig 4](#pone.0230221.g004){ref-type="fig"}**)**. Nonetheless, to obtain a more detailed evaluation of the dynamics of balsam fir regeneration, we chose to use four clusters (BF; [Table 2B](#pone.0230221.t002){ref-type="table"}**)**. Balsam fir seedling and sapling density varied markedly between clusters, and we identified significant differences between the clusters for every attribute. For example, the density of balsam fir seedlings within cluster BF4, marked by the highest seedling density at 18 740 seedlings/ha, was almost 20× that of the cluster having the lowest density of balsam fir seedlings (957 seedlings/ha; cluster BF1). Similarly, the highest density of balsam fir saplings (7 442 saplings/ha; cluster BF3) was 33× that of the cluster having the lowest density (223 saplings/ha; cluster BF1). Differences between clusters in terms of black spruce seedling or sapling density were less striking, although both attributes differed significantly between the clusters. Black spruce seedling density varied from 1 900 to 14 379 seedlings/ha, whereas black spruce sapling density ranged from 470 to 1 670 saplings/ha (clusters BF4 and BF1, respectively, for both cases).

![(A) Density of balsam fir seedlings and saplings at the 48 studied sites of the balsam fir regeneration portion of the study, grouped by balsam fir regeneration clusters. (B) Value of the SSI criterion according to the number of clusters for balsam fir, using k-means clustering. Filled red circles in (B) indicate the highest value of the SSI criterion.](pone.0230221.g004){#pone.0230221.g004}

Structural and environmental attributes {#sec011}
---------------------------------------

Densities of black spruce seedlings and saplings both correlated positively with gap fraction, cohort basal area proportion, minimum time since the last fire, and thickness of the organic horizon; both correlated negatively with slope ([Table 3](#pone.0230221.t003){ref-type="table"}; [Fig 5](#pone.0230221.g005){ref-type="fig"}). Black spruce seedling density correlated negatively with basal area, balsam fir proportion, and maximum height. Balsam fir seedling and sapling densities correlated positively with balsam fir proportion, coarse woody debris volume, snag basal area, maximum height, and slope ([Fig 6](#pone.0230221.g006){ref-type="fig"}). Balsam fir seedling density also correlated significantly with basal area. In general, correlation coefficients tended to be moderate even when significant; this was especially true for black spruce where only the correlation coefficient between sapling density and gap fraction exceeded 0.5. These moderate coefficient values indicate that no structural or environmental attributes presented a well-defined relationship with black spruce regeneration. We observed, however, elevated correlation coefficients (≥0.5) for balsam fir in relation to several structural and environmental attributes, including balsam fir proportion, slope, coarse woody debris volume (saplings only), and snag basal area (seedlings only).

![Density of black spruce seedlings and saplings at the 71 studied sites.\
The colors represent the gradients of values for the significant structural and environmental attributes, as determined by Spearman correlation tests.](pone.0230221.g005){#pone.0230221.g005}

![Density of balsam fir seedlings and saplings at the 48 studied sites of the balsam fir regeneration portion of the study.\
The colors represent the gradients of values for the various significant structural and environmental attributes, as determined by Spearman correlation tests.](pone.0230221.g006){#pone.0230221.g006}

10.1371/journal.pone.0230221.t003

###### Spearman correlation coefficients between regeneration attributes and structural and environmental attributes.

![](pone.0230221.t003){#pone.0230221.t003g}

                                                         Black spruce (*n* = 71)                         Balsam firm (*n* = 47)                                                                           
  ----------- ------------------------------------------ ----------------------------------------------- ------------------------------------------------ ----------------------------------------------- -----------------------------------------------
  Structure   Tree density (n/ha)                        0.18                                            -0.09                                            0.14                                            0.10
              Basal area (m^2^/ha)                       -0.09                                           -0.49[\*\*\*](#t003fn003){ref-type="table-fn"}   0.36[\*](#t003fn001){ref-type="table-fn"}       0.17
              Balsam fir proportion (%)                  -0.21                                           -0.26[\*](#t003fn001){ref-type="table-fn"}       0.80[\*\*\*](#t003fn003){ref-type="table-fn"}   0.86[\*\*\*](#t003fn003){ref-type="table-fn"}
              Gap fraction (%)                           0.34[\*\*](#t003fn002){ref-type="table-fn"}     0.51[\*\*\*](#t003fn003){ref-type="table-fn"}    -0.17                                           -0.02
              Weibull's shape parameter                  0.05                                            0.16                                             -0.19                                           -0.09
              Coarse woody debris volume (m^3^/ha)       -0.11                                           -0.07                                            0.44[\*\*](#t003fn002){ref-type="table-fn"}     0.61[\*\*\*](#t003fn003){ref-type="table-fn"}
              Snag basal area (m^2^/ha)                  -0.21                                           -0.21                                            0.55[\*\*\*](#t003fn003){ref-type="table-fn"}   0.48[\*\*\*](#t003fn003){ref-type="table-fn"}
              Maximum height (m)                         -0.12                                           -0.31[\*\*](#t003fn002){ref-type="table-fn"}     0.39[\*\*](#t003fn002){ref-type="table-fn"}     0.33[\*](#t003fn001){ref-type="table-fn"}
              Cohort basal area proportion               0.32[\*\*](#t003fn002){ref-type="table-fn"}     0.24[\*](#t003fn001){ref-type="table-fn"}        0.08                                            0.07
  Abiotic     Minimum time since the last fire (years)   0.43[\*\*\*](#t003fn003){ref-type="table-fn"}   0.32[\*\*](#t003fn002){ref-type="table-fn"}      -0.19                                           -0.22
              Slope (%)                                  -0.29[\*](#t003fn001){ref-type="table-fn"}      -0.37[\*\*](#t003fn002){ref-type="table-fn"}     0.59[\*\*\*](#t003fn003){ref-type="table-fn"}   0.56[\*\*\*](#t003fn003){ref-type="table-fn"}
              Organic horizon thickness (cm)             0.41[\*\*\*](#t003fn003){ref-type="table-fn"}   0.32[\*\*](#t003fn002){ref-type="table-fn"}      -0.17                                           -0.10

"\*" indicates significance at *p* \< 0.05

"\*\*" at *p* \< 0.01, and

"\*\*\*" at *p* \< 0.001.

Bootstrapped regressions explained 36.3% and 41.6% of the variance of black spruce seedling and sapling density, respectively ([Table 4](#pone.0230221.t004){ref-type="table"}). For black spruce seedlings, the slope and the minimum time since the last fire presented the highest partitioned *R*^2^ values (0.1). For black spruce saplings, however, gap fraction presented the highest partitioned *R*^2^ values (0.12). All attributes generally had low confidence intervals, with the minimum values ranging near 0. These values suggest that none of the studied attributes could be linked clearly to black spruce regeneration by themselves, without invoking other attributes.

10.1371/journal.pone.0230221.t004

###### Mean values and 95% confidence intervals (C.I.) of the partitioned *R*^2^ and total variance explained, of the bootstrapped regression models for the various regeneration attributes.
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  Explained variable                 Explanatory variable            Partitioned *R*^2^   Total variance explained (%)   
  ---------------------------------- ------------------------------- -------------------- ------------------------------ -------
  Black spruce seedling (*n* = 71)   Gap fraction                    0.03                 0--0.14                        36.39
                                     Cohort basal area proportion    0.04                 0--0.13                         
                                     Slope                           0.1                  0.02--0.21                      
                                     Min. time since the last fire   0.1                  0.02--0.22                      
                                     Org. horizon thickness          0.07                 0.01--0.17                      
  Black spruce sapling (*n* = 71)    Basal area                      0.08                 0.03--0.16                     41.67
                                     Balsam fir proportion           0.03                 0.01--0.08                      
                                     Gap fraction                    0.12                 0.04--0.25                      
                                     Maximum height                  0.04                 0--0.14                         
                                     Cohort basal area proportion    0.01                 0--0.09                         
                                     Min. time since the last fire   0.02                 0--0.11                         
                                     Slope                           0.05                 0.01--0.13                      
                                     Org. horizon thickness          0.02                 0--0.1                          
  Balsam fir seedling (*n* = 47)     Basal area                      0.02                 0.01--0.09                     72.8
                                     Balsam fir proportion           0.41                 0.23--0.58                      
                                     Coarse woody debris volume      0.05                 0.02--0.13                      
                                     Snag basal area                 0.09                 0.01--0.25                      
                                     Maximum height                  0.02                 0--0.09                         
                                     Slope                           0.11                 0.04--0.21                      
  Balsam fir sapling (*n* = 47)      Balsam fir proportion           0.2                  0.1--0.4                       66.97
                                     Coarse woody debris volume      0.1                  0.02--0.22                      
                                     Snag basal area                 0.29                 0.03--0.44                      
                                     Maximum height                  0.01                 0--0.05                         
                                     Slope                           0.05                 0.02--0.2                       

The bootstrapped regressions explained approximately 70% of balsam fir seedling and sapling density. The attribute of balsam fir proportion presented the highest partitioned *R*^2^ values, both for balsam fir seedling density (0.4) and sapling density (0.2). In addition, the minimum values of the confidence interval were 0.2 for balsam fir seedling density and 0.1 for balsam fir sapling density. In contrast, the lowest confidence interval values for the other attributes were close to 0. All told, these patterns suggest that balsam fir proportion was the main attribute influencing balsam fir regeneration in old-growth stands.

Black spruce regeneration clusters differed significantly from each other for many attributes, including basal area, gap fraction, minimum time since the last fire, slope, and thickness of the organic horizon ([Table 5](#pone.0230221.t005){ref-type="table"}). We identified marked differences between the study attributes and clusters; for example, basal area differed two-fold between cluster BS8 and cluster BS7, gap fraction values of cluster BS1 were more than double those of cluster BS5, the minimum time since the last fire varied between 146 (cluster BS1) to 249 years (cluster BS8), cluster BS8 had a 5× greater slope than that of cluster BS1 (4.0% versus 23.4%, respectively), and organic horizon thickness varied between 16.0 cm (cluster BS1) to 47.9 cm (cluster BS8). Overall, clusters BS1 and BS8 were the most distinct clusters; the other clusters fell along a gradient between this pair of clusters. Cluster BS1 grouped stands located on steeper sites, characterized by a thin organic horizon, a dense canopy, a high basal area, and relatively young trees. In contrast, cluster BS8 grouped stands having a gentle slope, a thick organic horizon, open canopy, low basal area, and older trees. The remaining clusters represented intermediate values between these two boundary clusters.

10.1371/journal.pone.0230221.t005

###### Mean and standard deviation of the structural and environmental attributes for black spruce regeneration clusters (BS).
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  Cluster                                       BS1 (*n* = 10)     BS2 (*n =* 11)      BS3 (*n =* 17)      BS4 (*n =* 6)       BS5 (*n =* 3)       BS6 (*n =* 11)      BS7 (*n =* 6)       BS8 (*n =* 7)
  --------------------------------------------- ------------------ ------------------- ------------------- ------------------- ------------------- ------------------- ------------------- ------------------
  Tree density (n/ha)^†^                        790.00 ± 332.00    950.00 ± 392.00     899.00 ± 283.00     925.00 ± 569.00     600.00 ± 563.00     1 068.00 ± 382.00   1 162.00 ± 423.00   832 ± 399
  Basal area (m^2^/ha)^†^                       23.20 ± 9.93 ab    18.10 ± 5.16 abc    17.20 ± 5.83 bc     12.40 ± 7.47 cd     10.40 ± 8.84 cd     16.60 ± 5.85 bcd    25.10 ± 7.01 a      11.10 ± 4.32 d
  Balsam fir proportion (%)^⸸^                  35.20 ± 34.30      20.00 ± 23.90       3.60 ± 7.64         6.91 ± 12.80        8.79 ± 12.40        3.99 ± 10.10        22.30 ± 30.70       1.16 ± 1.52
  Gap fraction (%)^⸸^                           42.70 ± 23.70 c    61.60 ± 25.00 ab    49.80 ± 21.10 bc    83.40 ± 26.40 a     85.30 ± 25.40 a     66.60 ± 15.50 ab    71.30 ± 23.80 ab    84.80 ± 17.10 a
  Weibull's shape parameter^⸸^                  1.11 ± 0.68        1.07 ± 0.46         1.03 ± 0.43         1.09 ± 0.17         1.06 ± 0.22         1.05 ± 0.20         0.80 ± 0.45         0.98 ± 0.16
  Coarse woody debris volume (m^3^/ha)^⸸^       82.30 ± 69.10      92.00 ± 69.50       33.20 ± 22.70       27.60 ± 29.20       113.00 ± 101.00     51.00 ± 34.10       60.70 ± 48.50       41.90 ± 25.40
  Snag basal area (m^2^/ha)^⸸^                  5.80 ± 4.68        7.27 ± 6.00         3.57 ± 2.36         2.71 ± 1.17         5.17 ± 4.59         2.72 ± 1.52         4.42 ± 1.97         2.93 ± 1.54
  Maximum height (m)^⸸^                         19.30 ± 3.88       20.00 ± 2.77        18.10 ± 3.37        17.10 ± 2.78        15.60 ± 6.78        18.10 ± 1.22        20.00 ± 1.98        16.80 ± 2.78
  Cohort basal area proportion^⸸^               0.37 ± 0.33        0.53 ± 0.37         0.48 ± 0.35         0.58 ± 0.35         0.34 ± 0.29         0.78 ± 0.25         0.45 ± 0.42         0.83 ± 0.34
  Minimum time since the last fire (years)^⸸^   146.00 ± 45.60 c   190.00 ± 65.40 bc   179.00 ± 52.90 bc   181.00 ± 53.00 bc   159.00 ± 61.60 bc   239.00 ± 49.70 a    209.00 ± 56.40 ab   249.00 ± 71.60 a
  Slope (%)^⸸^                                  23.40 ± 10.80 a    13.20 ± 10.30 b     6.35 ± 8.03 c       4.33 ± 4.84 c       8.67 ± 7.51 bc      6.27 ± 6.33 bc      8.17 ± 6.21 bc      4.00 ± 3.37 c
  Organic horizon thickness (cm)^⸸^             16.00 ± 9.73 c     27.10 ± 11.80 b     35.10 ± 14.30 ab    27.70 ± 13.00 b     37.00 ± 25.00 ab    29.90 ± 15.40 b     37.20 ± 16.00 ab    47.90 ± 18.80 a

Different letters indicate significant differences at *p* \< 0.05, following a \> b \> c \> d. BS: black spruce; BF: balsam fir.

We noted significant differences between balsam fir regeneration clusters in terms of balsam fir proportion, coarse woody debris volume, snag basal area, and slope ([Table 6](#pone.0230221.t006){ref-type="table"}). As with the black spruce regeneration clusters, two balsam fir regeneration clusters---clusters BF1 and BF4---represented opposite extremes along a gradient. Balsam fir proportion was almost 14× higher in cluster BF4 (56.7%) than in cluster BF1 (4.12%). Coarse woody debris volume in cluster BF3 was more than double that of cluster BF1, at 61.6 and 155 m^3^·ha^-1^, respectively. Cluster BF4 contained a snag basal area that was more than triple that of cluster BF1 (14 versus 3.9 m^2^·ha^-1^, respectively). Slope in cluster BF4 (28.4%) was also 4× higher than that in cluster BF1 (8.14%). All told, cluster BF1 represented sites having a gentle slope and lower balsam fir proportion, a moderate coarse woody debris volume and moderate snag basal area. Cluster BF3, on the other hand, grouped sites marked by steeper slopes and higher values of balsam fir proportion, coarse woody debris volume, and snag basal area. As above, the remaining clusters fell between these two extreme clusters. Relative to the black spruce results, however, these balsam fir clusters differed much less from each other; for example, we observed no significant differences in coarse woody debris volume for clusters BF2, BF3, and BF4. This pattern implies that the structural differences within the balsam fir regeneration clusters were less noticeable than those observed in the black spruce stands.

10.1371/journal.pone.0230221.t006

###### Mean ± standard deviation of structural and environmental attributes for balsam fir regeneration clusters (BF).
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  Cluster                                       BF1 (*n =* 28)    BF2 (*n =* 11)    BF3 (*n =* 3)      BF4 (*n =* 5)
  --------------------------------------------- ----------------- ----------------- ------------------ ------------------
  Tree density (n/ha)^⸸^                        880.00 ± 332.00   927.00 ± 277.00   892.00 ± 104.00    810.00 ± 326.00
  Basal area (m^2^/ha)^⸸^                       17.50 ± 7.27      20.80 ± 7.64      14.90 ± 1.92       21.70 ± 6.94
  Balsam fir proportion (%)^⸸^                  4.12 ± 6.95 b     28.80 ± 19.10 a   55.00 ± 5.10 a     56.70 ± 35.40 a
  Gap fraction (%)^⸸^                           64.10 ± 26.00     57.10 ± 29.80     72.70 ± 14.80      64.00 ± 27.10
  Weibull's shape parameter^⸸^                  0.87 ± 0.29       1.15 ± 0.62       0.88 ± 0.12        0.81 ± 0.13
  Coarse woody debris volume (m^3^/ha)^⸸^       61.60 ± 47.00 b   84.00 ± 35.60 a   155.00 ± 62.90 a   121.00 ± 60.00 a
  Snag basal area (m^2^/ha)^⸸^                  3.90 ± 3.05 c     5.09 ± 2.00 bc    14.00 ± 5.58 a     7.97 ± 4.40 ab
  Maximum height (m)^†^                         18.90 ± 3.05      20.70 ± 2.06      19.70 ± 2.23       21.20 ± 1.75
  Cohort basal area proportion^⸸^               0.60 ± 0.35       0.63 ± 0.36       0.82 ± 0.30        0.74 ± 0.16
  Minimum time since the last fire (years)^†^   213.00 ± 66.50    193.00 ± 50.60    188.00 ± 50.10     204.00 ± 41.40
  Slope (%)^⸸^                                  8.14 ± 9.11 c     12.50 ± 10.5 bc   18.70 ± 5.03 ab    28.40 ± 6.02 a
  Organic horizon thickness (cm)^⸸^             31.60 ± 16.00     26.10 ± 14.00     29.00 ± 15.10      21.60 ± 9.29

Letters indicate significant differences at *p* \< 0.05, following a \> b \> c.

Discussion {#sec012}
==========

Old-growth forests are critical habitats for biodiversity and ecosystem services. A better understanding of their functioning is therefore necessary for developing sustainable management strategies. The results of our study highlight that regeneration in boreal old-growth forests involves complex processes that cannot be summarized along a single linear chronosequence of forest succession or by using a limited number of structural attributes as proxies. In general, our analyses show that secondary disturbance regimes and topographic constraints (i.e., slope and drainage) represent the main drivers of balsam fir and black spruce regeneration in our study stands. Therefore, temporal (i.e., by way of the secondary disturbance regime) and spatial (i.e., local changes in topography) scales are two important factors for explaining the dynamics of tree regeneration in the boreal old-growth forests of eastern Canada.

Dynamics of black spruce regeneration {#sec013}
-------------------------------------

The dynamics of black spruce regeneration in boreal old-growth forests involve particularly complex processes. We observed highly variable seedling and sapling densities within the study stands, and specific structural attributes defined each black spruce regeneration cluster. These observations may explain the generally moderate Spearman correlation coefficients and the absence of any determinant attribute that could fully explain variations in black spruce regeneration. These results show that black spruce regeneration density depends on multiple and interrelated factors \[[@pone.0230221.ref010],[@pone.0230221.ref015],[@pone.0230221.ref064]\]. Overall, two clusters representing two extreme environmental conditions at the study area scale, i.e., BS1 and BS8, best define black spruce regeneration patterns. BS1 contained a thin organic horizon, a steep slope, and a low gap fraction. It was also the cluster with the lowest black spruce seedling and sapling densities. This pattern matches prior observations in the study area where the abundance of black spruce decreases progressively as slope increases, eventually being replaced by balsam fir and northern hardwoods \[[@pone.0230221.ref040],[@pone.0230221.ref045]\]. Competition with balsam fir could explain the limited regeneration of black spruce on these steepest sites as their ecological niches overlap \[[@pone.0230221.ref065]\]. However, black spruce was the dominant species in most stands associated with this cluster. This implies that black spruce trees were abundant enough to produce a high density of layers in these stands. Thus, it is also possible that environmental conditions within these stands were unfavorable to layering, thereby accentuating the competitiveness of balsam fir. For example, Drobyshev et al. \[[@pone.0230221.ref066]\] highlighted that a thin organic horizon reduced the survival of black spruce layers because of insufficient moisture, especially in the summer. This role of thin organic horizons may thus reinforce the competitiveness of balsam fir relative to black spruce in steep-sloped sites. In contrast, cluster BS8 contained a gentle slope, a thick organic horizon, a high gap fraction, and a small basal area. These characteristics typify stands undergoing paludification---the accumulation of soil organic matter due to insufficient drainage resulting in a decreased stand productivity \[[@pone.0230221.ref067],[@pone.0230221.ref068]\]. Paludification inhibits tree growth but not black spruce regeneration. As a result, black spruce sapling and seedling densities are commonly quite dense in paludified black spruce stands, but these saplings and seedlings are unable to close the gaps caused by overstory tree death \[[@pone.0230221.ref029]\]. Paludification, however, is a process limited to specific conditions, i.e., poor drainage and low temperatures; this process is not observed within well or moderately well drained soils, i.e., stands having at least a minimum of slope \[[@pone.0230221.ref069]--[@pone.0230221.ref071]\], thereby highlighting the particularity of this cluster.

The remaining black spruce regeneration clusters differed to a much lower degree; these clusters contained similar slopes and organic horizon thicknesses, implying similar environmental conditions among these clusters. We observed a significant difference between clusters in relation to the minimum time since the last fire; however, this value generally exceeded 150 years, i.e., the threshold beyond which tree age becomes a poor indicator of stand age in boreal forests \[[@pone.0230221.ref072],[@pone.0230221.ref073]\]. The longevity of both black spruce and balsam fir is relatively limited and rarely exceeds 200 years, and mean tree age in old-growth stands in the study area is approximately 150 years \[[@pone.0230221.ref030],[@pone.0230221.ref058],[@pone.0230221.ref074]\]. Differences in the minimum time since the last fire between clusters BS2 to BS7 are therefore not necessarily indicative of a distinction in terms of forest succession. On the contrary, a lower minimum time since the last fire value may indicate the death of older, and therefore more vulnerable, trees as a result of a secondary disturbance, such as windthrow or spruce budworm outbreak \[[@pone.0230221.ref037],[@pone.0230221.ref075],[@pone.0230221.ref076]\]. For this reason, Kneeshaw and Gauthier \[[@pone.0230221.ref052]\] proposed the cohort basal area proportion as a more reliable alternative for reconstructing forest succession without depending on the age of the oldest trees.

Yet, black spruce regeneration clusters presented no significant differences in their cohort basal area proportion; therefore, differences between clusters did not necessarily result from succession toward an old-growth stage. The clusters were, however, defined by different basal areas and gap fractions. As we observed no differences in tree density between the clusters, it is therefore likely that these changes in basal area and gap fraction indicate variations in tree size and canopy density. However, we saw no differences in snag basal area or coarse woody debris volume, both of which can indicate secondary disturbances. Nonetheless, individual tree size is generally low in black spruce--dominated stands \[[@pone.0230221.ref040],[@pone.0230221.ref047]\], and deadwood can be buried in the organic horizon well before its decay \[[@pone.0230221.ref077]\]. This particularity of black spruce--dominated old-growth stands may hence explain the absence of any significant results for deadwood-related attributes. Overall, these results are likely to indicate the influence of secondary disturbances (e.g., windthrow or spruce budworm outbreak), either in a context of forest succession (i.e., canopy breakup) or gap dynamics, on black spruce regeneration in old-growth forests.

From the information provided by the basal area and the gap fraction of the clusters BS2 to BS7, we can hypothesize a general pathway of black spruce regeneration in old-growth forests under a dominance of gap dynamics ([Fig 7A](#pone.0230221.g007){ref-type="fig"}). It is likely, however, that the regeneration of black spruce will vary greatly depending on the nature, the severity, and the temporality of a disturbance. For example, the death of a single tree due to senescence has less effect on regeneration and overall stand structure than a severe spruce budworm outbreak. Therefore, this pathway may represent the overall boundaries of the characteristics of black spruce regeneration in old-growth forests. As a starting point to these potential regeneration pathways for black spruce under a secondary disturbance regime, cluster BS7 grouped dense old-growth forest stands found on gentle to medium slopes (0--7% and 8--24%, respectively). The stands in this cluster contained a moderate gap fraction and a large basal area, i.e., stands that have most probably neither been recently nor significantly disturbed. Indeed, because of their narrow canopy, even dense old-growth black spruce stands can be characterized by a relatively high gap fraction \[[@pone.0230221.ref041]\]. At this cluster's successional stage, a low black spruce sapling density and high seedling density indicated a dense understory waiting for a canopy opening. Here, we can hypothesize that overstory trees eventually die to create gaps and reduce the stand basal area. Black spruce regeneration individuals, including layers, are efficient gap-fillers \[[@pone.0230221.ref026],[@pone.0230221.ref030],[@pone.0230221.ref033]\], and most seedlings benefit from these openings, thereby increasing sapling density (i.e., a shift from cluster BS6 to BS5). Saplings eventually attain the overstory and progressively close the canopy. This growth causes a significant decrease in sapling density. From this point, the pathways may diverge, depending on stand topography: gentle slopes (clusters BS4 and BS3, sapling growth and canopy closure, respectively) and moderate slopes (cluster BS2, sapling growth and canopy closure). Finally, we can expect that canopy closing leads to an increased stand basal area, i.e., clusters BS2 and BS3 shift toward cluster BS7, reinitiating the cycle.

![Dynamics of (A) black spruce and (B) balsam fir regeneration based on secondary disturbance regime and topography as derived from the identified regeneration clusters. Water paintings published under a CC BY license, with permission from Valentina Buttò, original copyright 2019.](pone.0230221.g007){#pone.0230221.g007}

Our results also highlighted that the sapling density of black spruce is commonly low in the denser old-growth stands, even where the seedling density is very high. A relatively low abundance of saplings or small-diameter merchantable stems has been observed in old-growth forests dominated by black spruce \[[@pone.0230221.ref030],[@pone.0230221.ref078],[@pone.0230221.ref079]\]. This pattern is, however, counterintuitive, as old-growth forests are generally expected to have a strongly stratified vertical structure and a high sapling or small tree density \[[@pone.0230221.ref008],[@pone.0230221.ref080],[@pone.0230221.ref081]\]. Lower light availability in the understory is unlikely to explain this result. Indeed, the canopies of the study stands were rarely dense, and black spruce can grow quite easily in conditions of low light availability \[[@pone.0230221.ref082]--[@pone.0230221.ref084]\]. Similarly, marked competition between black spruce regeneration and shrubs is generally observed after clearcutting but not after secondary disturbances \[[@pone.0230221.ref064],[@pone.0230221.ref085]\]. However, little is known about the vegetative relationship between black spruce layers and the mother trees. Studies focused on layer growth generally observe black spruce stands post-clearcutting or after a severe spruce budworm outbreak \[[@pone.0230221.ref033],[@pone.0230221.ref086],[@pone.0230221.ref087]\]. In contrast, in situ research on planted seedlings has assessed the sensitivity of black spruce regeneration to competition or light availability \[[@pone.0230221.ref082]--[@pone.0230221.ref084]\]. It is possible that black spruce layers likely remain under hormonal control with the process of apical dominance inhibiting their growth (lateral growth) \[[@pone.0230221.ref088]--[@pone.0230221.ref090]\] until the mother tree dies of senescence or a disturbance occurs. This link between layers and mother trees may explain the following patterns of black spruce regeneration in old-growth forests: (1) development of a dense seedling bank of layers under a closed canopy; (2) seedling growth once the overstory is disturbed and the link between layers and mother trees is broken, thereby decreasing seedling density and increasing sapling density; (3) progressive canopy closure, implying a decrease in sapling density as saplings become merchantable trees; and (4) new production of layers by black spruce, leading to a return to phase 1. Further research is required to better understand to what extent the vegetative nature of black spruce regeneration in old-growth forests may influence their structure and dynamics.

Balsam fir regeneration dynamics {#sec014}
--------------------------------

Disentangling balsam fir regeneration dynamics in our study stands presented a greater challenge than for black spruce dynamics because balsam fir regeneration was absent from 24 plots and sparse for the 28 sites belonging to cluster BF1. Several factors may explain the scarcity of balsam fir regeneration in most of the studied stands, including the soils being too wet or the stands having a limited seed bank. In sites characterized by relatively poor drainage, very wet and cold soils inhibit balsam fir seed germination and favor black spruce layering \[[@pone.0230221.ref091],[@pone.0230221.ref092]\]. In the study region, the fire cycle is shorter in the valley bottoms than on the hilltops \[[@pone.0230221.ref045]\], probably related to later snowmelt at higher elevations. Balsam fir is not a fire-adapted species, and this tree requires decades, if not centuries, to recolonize a burned area \[[@pone.0230221.ref093]\]. Moreover, the dispersal of balsam fir seeds is relatively limited, and its occurrence requires proximal seed-trees \[[@pone.0230221.ref015],[@pone.0230221.ref039]\] as evidenced by the strong correlation observed between the proportion of balsam fir and the balsam fir regeneration density. Shorter fire cycles in the valley bottoms may thus inhibit the colonization of balsam fir in these areas of the study territory. Nonetheless, the absence of balsam fir in boreal old-growth stands is common in eastern Canada \[[@pone.0230221.ref019],[@pone.0230221.ref020],[@pone.0230221.ref040]\] because of all the previously explained factors; thus, sampling bias does not account for the results in our study.

We observed no significant difference between the balsam fir regeneration clusters in terms of the minimum time since the last fire and the cohort basal area proportion. As with the black spruce clusters, all balsam fir clusters represented the old-growth successional stage. Previous research of balsam fir regeneration dynamics in the boreal forests of eastern Canada focused on stands at the beginning of the transition toward the old-growth stage (e.g., \[[@pone.0230221.ref027],[@pone.0230221.ref094],[@pone.0230221.ref095]\]). Our results underscore that once the old-growth stage is attained, and if seed-trees are present nearby, the existing seed bank is sufficient to provide continuous regeneration of balsam fir \[[@pone.0230221.ref028],[@pone.0230221.ref096]\]. Moreover, we observed significantly different slopes between the clusters, highlighting the importance of topography in explaining balsam fir stand dynamics \[[@pone.0230221.ref040],[@pone.0230221.ref065]\]. These results imply that, as with black spruce, secondary disturbance dynamics and topographic constraints drive balsam fir regeneration in the old-growth forests of eastern Canada. Indeed, balsam fir is driven by the same disturbances as black spruce (i.e., spruce budworm outbreak, windthrow, and root rot) \[[@pone.0230221.ref075],[@pone.0230221.ref097]\]; however, balsam fir is generally more sensitive to these disturbances than black spruce \[[@pone.0230221.ref035]--[@pone.0230221.ref037]\]. In the case of windthrow, the higher sensitivity of balsam fir may be reinforced by the greater abundance of this tree species on hilly areas, which are more vulnerable to strong winds \[[@pone.0230221.ref098]\]. For these reasons, we observe, in general, evidence of a more severe secondary disturbance regime in the old-growth forests where balsam fir forms a major part of the canopy \[[@pone.0230221.ref020]\].

For sites located on gentle slopes (0--8%), we observed two different balsam fir regeneration clusters. One cluster represented sites where balsam fir was almost absent from the canopy (BF1), whereas the other cluster represented stands where balsam fir accounted for approximately 30% of the basal area (BF2). As a result, there was almost no balsam fir regeneration in BF1, whereas seedling and sapling densities were of moderate levels in BF2. Coarse woody debris volume was, however, higher in BF2 than BF1, suggesting more recent disturbances ([Fig 7B](#pone.0230221.g007){ref-type="fig"}). This involves a dynamic where boreal old-growth species composition switches between a pure black spruce stand and a mixed black spruce and balsam fir stand, possibly with the presence of white birch at a very low abundance \[[@pone.0230221.ref027],[@pone.0230221.ref028]\]. This type of dynamic is consistent with previous observations \[[@pone.0230221.ref028],[@pone.0230221.ref040]\]. Balsam fir is a competitive species that can quickly reach the upper canopy following a secondary disturbance \[[@pone.0230221.ref028],[@pone.0230221.ref031]\]. Balsam fir is also very sensitive to spruce budworm outbreaks, the main secondary disturbance agent in eastern Canadian boreal forests \[[@pone.0230221.ref037],[@pone.0230221.ref099],[@pone.0230221.ref100]\]. Outbreaks of this insect heighten balsam fir mortality because spruce budworm larvae emergence is well synchronized with balsam fir budburst. In contrast, black spruce mortality during spruce budworm outbreaks is relatively low because black spruce budburst and larval emergence are poorly synchronized \[[@pone.0230221.ref101]\]. The most severe budworm outbreaks cause significant mortality of the regeneration, in particular that of balsam fir \[[@pone.0230221.ref038],[@pone.0230221.ref102],[@pone.0230221.ref103]\]. For this reason, it is expected that spruce budworm outbreaks may significantly reduce the portion of balsam fir in the disturbed stands \[[@pone.0230221.ref020],[@pone.0230221.ref021],[@pone.0230221.ref028]\]. As a consequence, mixed black spruce--balsam fir stands may shift to monospecific black spruce stands. Balsam fir may, however, progressively recolonize these stands over time. Hence, we propose that clusters BS1 and BS2 represent this process of alternating between monospecific and mixed stands in environments where black spruce remains competitive with balsam fir.

We observed no differences between the balsam fir regeneration clusters BF2 and BF3 in terms of coarse woody debris volume and the proportion of balsam fir; this pattern represents dynamics in sites of moderate slope (i.e., 9--28%). The snag basal area, however, was significantly higher in BF3. Relative to black spruce, balsam fir is also more vulnerable to windthrow and fungal rot \[[@pone.0230221.ref035],[@pone.0230221.ref036]\]. The presence of an important coarse woody debris volume in stands characterized by an elevated balsam fir proportion in the canopy is therefore consistent with balsam fir ecology. A higher snag basal area can, however, also indicate a relatively recent disturbance, as black spruce and balsam fir snags often fall in the twenty years following a tree death \[[@pone.0230221.ref104]\]. Thus, cluster BF3 may group recently disturbed stands marked by a dynamic balsam fir regeneration that quickly fills the canopy \[[@pone.0230221.ref027],[@pone.0230221.ref028],[@pone.0230221.ref031]\]. Hence, we suggest a pathway where once the canopy is closed, the stand structure of BF3 shifts to BF2, defined by a dense seedling bank.

Finally, BF3 and BF4 grouped stands found on steep slopes (\>28%), although significant structural differences existed between the two clusters. This result may reflect the low number of sites sampled for both clusters (3 and 5 sites, respectively). However, it is also probable that they represented a balsam fir regeneration dynamic similar to that observed on moderate slopes, with BF3 grouping recently disturbed stands and the BF4 grouping the resilient stands. On intermediate slopes, black spruce regeneration continued to compete with balsam fir, thereby explaining the intermediate balsam fir seedling density in BF2. On steep slopes, however, balsam fir dominated the canopy. It is therefore likely that these stands were driven by regular small- and moderate-scale disturbances \[[@pone.0230221.ref026]\], resulting in recurrent deadwood inputs and active regeneration/mortality phases.

Synchronic reconstruction of the regeneration dynamics of old-growth forests: Limits and alternatives {#sec015}
-----------------------------------------------------------------------------------------------------

Our study of coniferous regeneration dynamics in old-growth forests relied on a synchronic approach. We therefore determined successional processes and disturbance dynamics using indirect indicators, including gap fraction, deadwood volume, and stand age structure. This approach therefore has inherent limits. First, the dynamics are reconstructed on the basis of an interpretation founded on current ecological knowledge and not on direct observation. As well, it is likely that the studied stands are not fully comparable, for instance in terms of environmental conditions or disturbance history. As an example, the thickness of the residual organic layer after a stand-replacing fire will markedly influence post-fire stand regeneration and dynamics \[[@pone.0230221.ref105],[@pone.0230221.ref106]\]. Thus, stands of similar age since the last fire and having similar environmental conditions can nonetheless be defined by significantly different structures or tree species compositions depending on the characteristics of the last stand-replacing disturbance. Yet, diachronic surveys are hard to implement in old-growth forests owing to the extensive time required to reach this successional stage after stand initiation. At a shorter time scale, even the complete filling of canopy gaps can require several years, if not decades, because of the relatively low growth rate of boreal tree species \[[@pone.0230221.ref072],[@pone.0230221.ref107]\]. For these reasons, most research on forest dynamics within the study territory rely, at least partially, on a synchronic approach (e.g., \[[@pone.0230221.ref027],[@pone.0230221.ref028],[@pone.0230221.ref047]\]).

The greater availability of aerial and satellite imagery over longer temporal scales could offer an opportunity to better understand forest dynamics over time \[[@pone.0230221.ref108],[@pone.0230221.ref109]\]. The spatial resolution of these images, however, may not be adapted to fine-scale processes, such as regeneration under gap dynamics.

Overall, the study of long-term regeneration dynamics under a secondary disturbance regime remains limited in old-growth boreal forests. Similarly, the internal complexity of old-growth boreal forests remains poorly understood, as most studies on this topic rely on chronosequences defined by tree age or time since the last fire \[[@pone.0230221.ref047],[@pone.0230221.ref079],[@pone.0230221.ref110]\]. Despite its limitations, the synchronic approach, as used in this study, provides a conceptual framework able to provide a basis for future research. Original and long-term experimental designs are required to confirm the validity of some of the regeneration patterns suggested in this study.

Conclusion {#sec016}
==========

This study determined how secondary disturbance regimes and topographic constraints explain the dynamics of black spruce and balsam fir regeneration in old-growth forests. Our study offers an alternative perspective to standard models of forest dynamics, which generally rely on chronosequences. Old-growth forest dynamics are complex processes involving numerous ecological factors, which interact at multiple temporal and spatial scales. The progressive changes in forest structure, composition, and regeneration may follow various pathways that result, not only from stand aging, but also from interactions between stand structure, stand history, characteristics of the disturbance agents, and local environmental conditions.

Second, this study provides a better acknowledgment of regeneration dynamics in the boreal old-growth forests of eastern Canada. Disturbance dynamics in these ecosystems are, however, defined by disturbances that vary in terms of type, frequency, and severity \[[@pone.0230221.ref026],[@pone.0230221.ref111]\]. Thus, our results highlight the potential pathways of regeneration dynamics in old-growth forests, and further research is required to determine how these trends may change depending on disturbance characteristics.

Third, sustainable forest management aims to develop new silvicultural treatments to minimize differences between natural and managed stands. For this, partial cuttings offer a promising solution to adapt forestry practices to act in a similar manner as secondary disturbance regimes. These treatments, however, were previously developed in Europe and must be carefully adapted to the environmental and functional characteristics of Canadian boreal forests \[[@pone.0230221.ref112]--[@pone.0230221.ref115]\]. The results of our study provide new guidelines for a forest management approach that brings the regeneration dynamics within managed stands closer to those of boreal old-growth forests.
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10.1371/journal.pone.0230221.r001

Decision Letter 0

Zang

RunGuo

Academic Editor

© 2020 RunGuo Zang

2020

RunGuo Zang

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

10 May 2020

PONE-D-20-04997

Driving factors of conifer regeneration dynamics in eastern Canadian boreal old-growth forests

PLOS ONE

Dear Dr. Martin,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

ACADEMIC EDITOR: I agree with the reviewer that the manuscript is generally a well written paper,presenting some important new findings about boreal forest dynamics.As indicated by the reviewer,you should make clarifications in terminology and methods,and make the discussions be more closely relevant to the results.

We would appreciate receiving your revised manuscript by Jun 24 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

RunGuo Zang

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

Please consider the concerns of the referee,make improvement accordingly.

Journal requirements:

When submitting your revision, we need you to address these additional requirements:

1.    Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at <http://www.plosone.org/attachments/PLOSOne_formatting_sample_main_body.pdf> and <http://www.plosone.org/attachments/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. We note that you have indicated that data from this study are available upon request. PLOS only allows data to be available upon request if there are legal or ethical restrictions on sharing data publicly. For more information on unacceptable data access restrictions, please see <http://journals.plos.org/plosone/s/data-availability#loc-unacceptable-data-access-restrictions>.

In your revised cover letter, please address the following prompts:

a\) If there are ethical or legal restrictions on sharing a de-identified data set, please explain them in detail (e.g., data contain potentially sensitive information, data are owned by a third-party organization, etc.) and who has imposed them (e.g., an ethics committee). Please also provide contact information for a data access committee, ethics committee, or other institutional body to which data requests may be sent.

b\) If there are no restrictions, please upload the minimal anonymized data set necessary to replicate your study findings as either Supporting Information files or to a stable, public repository and provide us with the relevant URLs, DOIs, or accession numbers. For a list of acceptable repositories, please see <http://journals.plos.org/plosone/s/data-availability#loc-recommended-repositories>.

We will update your Data Availability statement on your behalf to reflect the information you provide.

3\. We note that Figure 1 in your submission contains map images which may be copyrighted. All PLOS content is published under the Creative Commons Attribution License (CC BY 4.0), which means that the manuscript, images, and Supporting Information files will be freely available online, and any third party is permitted to access, download, copy, distribute, and use these materials in any way, even commercially, with proper attribution. For these reasons, we cannot publish previously copyrighted maps or satellite images created using proprietary data, such as Google software (Google Maps, Street View, and Earth). For more information, see our copyright guidelines: <http://journals.plos.org/plosone/s/licenses-and-copyright>.

We require you to either (1) present written permission from the copyright holder to publish these figures specifically under the CC BY 4.0 license, or (2) remove the figures from your submission:

1.    You may seek permission from the original copyright holder of Figure 1 to publish the content specifically under the CC BY 4.0 license. 

We recommend that you contact the original copyright holder with the Content Permission Form (<http://journals.plos.org/plosone/s/file?id=7c09/content-permission-form.pdf>) and the following text:

"I request permission for the open-access journal PLOS ONE to publish XXX under the Creative Commons Attribution License (CCAL) CC BY 4.0 (<http://creativecommons.org/licenses/by/4.0/>). Please be aware that this license allows unrestricted use and distribution, even commercially, by third parties. Please reply and provide explicit written permission to publish XXX under a CC BY license and complete the attached form."

Please upload the completed Content Permission Form or other proof of granted permissions as an \"Other\" file with your submission.

In the figure caption of the copyrighted figure, please include the following text: "Reprinted from \[ref\] under a CC BY license, with permission from \[name of publisher\], original copyright \[original copyright year\]."

2.    If you are unable to obtain permission from the original copyright holder to publish these figures under the CC BY 4.0 license or if the copyright holder's requirements are incompatible with the CC BY 4.0 license, please either i) remove the figure or ii) supply a replacement figure that complies with the CC BY 4.0 license. Please check copyright information on all replacement figures and update the figure caption with source information. If applicable, please specify in the figure caption text when a figure is similar but not identical to the original image and is therefore for illustrative purposes only.

The following resources for replacing copyrighted map figures may be helpful:

USGS National Map Viewer (public domain): <http://viewer.nationalmap.gov/viewer/>

The Gateway to Astronaut Photography of Earth (public domain): <http://eol.jsc.nasa.gov/sseop/clickmap/>

Maps at the CIA (public domain): <https://www.cia.gov/library/publications/the-world-factbook/index.html> and <https://www.cia.gov/library/publications/cia-maps-publications/index.html>

NASA Earth Observatory (public domain): <http://earthobservatory.nasa.gov/>

Landsat: <http://landsat.visibleearth.nasa.gov/>

USGS EROS (Earth Resources Observatory and Science (EROS) Center) (public domain): <http://eros.usgs.gov/#>

Natural Earth (public domain): <http://www.naturalearthdata.com/>

 

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: No

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: SUMMARY

In this study, Martin et al. investigate the patterns and drivers of forest regeneration dynamics in boreal old-growth forests of Canada. Specifically, they assessed stand structural and environmental characteristics of 71 systematically selected forest stands and relate these to differences in black spruce (Picea mariana (L.) Mill.) and balsam fir (Balsam fir (L.) Mill.) regeneration attributes measured by seedling and sapling densities in the years 2015 & 2016. They find that forest regeneration dynamics differ among black spruce and balsam fir species. Nevertheless, in both cases, secondary disturbance and topography were the main drivers explaining regeneration attributes, whereas successional stage and primary disturbance are likely less important. These findings help to shed light on old-growth forest regeneration dynamics and contribute to improving forest management and restoration practices.

GENERAL COMMENTS

The study addresses an important topic, which is not only of high interest to the scientific community, but also to the forest managers and conservationists, as it could guide future silvicultural and restoration practices. In general, the manuscript is well written and methods well described. I like the comparative approach including k-means grouping and a final schematic description of the inferred, general black spruce and balsam fir regeneration processes. Nevertheless, there are some minor shortcomings that need to be addressed before the article can be published.

1\) Concerning "secondary disturbance": It is not entirely clear to me which kind of disturbance is meant by this notion; could you please more clearly state which processes you refer to in the Introduction? I.e. do you mean pathogen (budworm) outbreaks, windthrow, root rot, fire, and logging? Or do you consider "fire" and "logging" as a primary disturbances?

Could explicitly explain in the Methods section how exactly you inferred the secondary disturbance (gap fraction and amount of deadwood,..?) and why these measures are appropriate proxies for secondary disturbance? Finally, it would be great if you could shortly discuss in the Discussion the advantages & disadvantages of approximating secondary disturbances with gap fraction and amount of deadwood?

Example that needs clarification:

Line 144 ff.: Hence, is fire no secondary disturbance? Is logging considered a secondary disturbance?

Line 381 ff.: could you please elaborate which types of secondary disturbances you are referring to here?

Line 470: Please elaborate on the kind of disturbance of balsam fir, which might be different from black spruce?

2\) Concerning the notion of "topography": To approximate "topography" you mainly measured "slope". To improve the clarity throughout the manuscript, I would add the notion of slope in parentheses after "topography" or entirely replace the notion of "topography" with the notion of "slope". Also, please explain why you chose "slope" as an important factor representative of "topography" and why you did not test effects of other topographic parameters such as altitude?

3\) Methods: Some important aspects of the methods are not clear:

Lines 154 ff.: When did you take measurements? During summers or the whole years of 2015/2016? Once per plot in these 2 years? Or once per plot per year?

Line 154: Stratified random sampling approach: Did you select from a larger set of possible forest stands? If yes from where (how many sites in total were available)? Also, 71 is not a multiple of 6; therefore not all environmental types are represented with the same amount of replicates? Could you indicate the number and distribution of selected forest stands that correspond to the environmental types? (e.g. you could add 6 different colours instead of the red colour for the dots in Figure 1)?

Line 161: What is the "productive forest"? Did you not select from "unproductive forest"? I do not understand the meaning of this sentence.

Line 190: Could you explain in more detail how you measured gap length? Did you use hemispheric photography to do this?

-Somewhere in this section it would be nice to have a clearer/more structured description that you approximated "topography" by measuring slope using a clinometer, and that you approximated "secondary disturbance" by assessing "gap fraction" and "woody debris".

Line 210: Did (40) measure the structural attributes in the same time period as the attributes presented in this study?

4\) Analyses/Results:

Line 257: Could you elaborate a bit more about the significance of the SSI? I.e. what are high/low values? Is a grouping with a SSI of 2.23 much better than a grouping with SSI of 1.5 or only slightly better?

Line 303 & 322 ff.: This Tables 3, 4 & 5 somehow show results that are not entirely consistent with your main message that "secondary disturbance" and "topography (i.e. slope?)" were the main drivers of regeneration in black spruce and balsam fir:

-e.g. black spruce seedling and sapling densities significantly correlate to cohort basal area proportion & minimum time since last fire (both measures of "succession" as far as I understand\[?\]) & also with soil organic layer depth. This is also reflected in cluster differences of Table 4. Unless I misunderstood your main message, I think it should be mentioned in the Discussion that in case of black spruce, successional stage and soil organic layer are also important drivers of regeneration dynamics.

-e.g., balsam fir significantly relates to woody debris and snag basal area and not to gap fraction, whereas black spruce relates mainly to gap fraction. Hence the two species are influenced by different secondary disturbance drivers: Could you elaborate on this more in the Discussion?

Line 307 ff.: Also, I think correlation coefficients \>0.3 and especially \>0.5 cannot be described as "low" (see e.g. (Cohen 1988) where correlations are categorized as small, medium and large for r=0.1, r=0.3 and r=0.5, respectively). Considering the potential high variation in environmental conditions among your forest sites, I think a high significance suggests a relevant effect or co-variation with the respective drivers that should not be down-played. Therefore, I think you have to restate the interpretation of this part of the analysis (you can still emphasize that balsam fir showed higher correlation coefficients than black spruce). (Maybe I misunderstood you? For example you write "In general, correlation coefficients tended to be relatively low even when significant; this was especially true for black spruce as no correlation coefficient between sapling density and gap fraction exceeded 0.5" However, when I look at Table 3, the correlation of sapling density with gap fraction is 0.51\*\*\*?)
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Please also elaborate on how certain the suggested pathway is; i.e. are there also other potential pathways consistent with your results?

Line 435: This is a much better framing! "Competition with balsam fir could explain..."

Line 440: Why do you infer that seedling growth is rapid; what is rapid in this case?

Line 443: Why do you infer that there is a return to phase 1 from this point?

Lines 488-490: I do not understand the message of this paragraph.
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6\) Figures/Tables:

Table 1: Could you add a description when measurements were made? How many times per plot?

Table 2, 4 & 5: Could you indicate the number of study units and indicate if parametric or non-parametric tests were applied?

Fig 1: It would be nice to show the coordinate system on the map. Also it would be nice to see the study design (i.e. the stratified random sampling); e.g. by colouring the dots of the study plots according to environmental types after which they were selected? Were the selected sites a subset from a larger set of sites? Can they also be shown on the map?

Fig 3 & 4: It would be nice to see the distribution of important environmental driver's gradients as a colour code of the BS & BF cluster points?
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MINOR COMMENTS

Abstract:

Line 46: You could clarify the notion of "secondary disturbance" by adding what kind of disturbance you mean (i.e. pathogen outbreaks) and by adding a short description how you assessed it (i.e. by assessing the gap fraction?).

Line 47: You state you assessed effects of "topography" but what you mainly measured was "slope". 1) To improve the clarity, I would add the notion of slope here or 2) replace the notion of "topography" with the notion of "slope". (If you do it here, I would do it throughout the manuscript).

Line 49-51: Did you really observe this temporal change in forest dynamics? Or did you rather infer this from the characteristics of the different clusters you identified? Please clearly indicate that you did not measure such a progression but instead that the patterns you find actually suggest such a progression as described.

Line 52-54: Could you please rephrase this statement? I do not exactly understand what is meant here.

Introduction:

Line 64 & 80: Did you mean "anthropogenic"?

Line 127 ff.: Please clarify (2): Do you mean the differences between black spruce and balsam fir regeneration dynamics; OR did you mean the differences between the respective stages of the regeneration process (i.e. "clusters") for both species?

Materials & Methods:

Line 197: Did you mean "seedling" here?

Conclusion:

Line 518: importance for what?
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4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: SUMMARY

In this study, Martin et al. investigate the patterns and drivers of forest regeneration dynamics in boreal old-growth forests of Canada. Specifically, they assessed stand structural and environmental characteristics of 71 systematically selected forest stands and relate these to differences in black spruce (Picea mariana (L.) Mill.) and balsam fir (Balsam fir (L.) Mill.) regeneration attributes measured by seedling and sapling densities in the years 2015 & 2016. They find that forest regeneration dynamics differ among black spruce and balsam fir species. Nevertheless, in both cases, secondary disturbance and topography were the main drivers explaining regeneration attributes, whereas successional stage and primary disturbance are likely less important. These findings help to shed light on old-growth forest regeneration dynamics and contribute to improving forest management and restoration practices.

GENERAL COMMENTS

The study addresses an important topic, which is not only of high interest to the scientific community, but also to the forest managers and conservationists, as it could guide future silvicultural and restoration practices. In general, the manuscript is well written and methods well described. I like the comparative approach including k-means grouping and a final schematic description of the inferred, general black spruce and balsam fir regeneration processes. Nevertheless, there are some minor shortcomings that need to be addressed before the article can be published.

We are glad the Reviewer has grasped the contribution of our manuscript to forest sciences and the originality of our novel approach. We really appreciate his point of view about our manuscript and we are grateful for the constructive comments provided. In this new version, we have taken into consideration all the suggestions to improve our article. Consequently, we have modified the manuscript in response to the comments to provide a new version. Our individual responses were listed right after particular comments or suggestions. Sentences in bold refers to specific part of the manuscript or of the responses to reviewer, if specified. We strongly believe our manuscript has significantly benefitted from this round of the review process and hope that it is now acceptable for publication in PLOS ONE. In addition, the changes made in the manuscript were also reviewed by a professional proofreader.

1\) Concerning "secondary disturbance": It is not entirely clear to me which kind of disturbance is meant by this notion; could you please more clearly state which processes you refer to in the Introduction? I.e. do you mean pathogen (budworm) outbreaks, windthrow, root rot, fire, and logging? Or do you consider "fire" and "logging" as a primary disturbances?

We provided several clarifications in the introduction to better explain what disturbances we are talking about (outbreaks and windthrows). We provided exampled of secondary disturbances lines 105-106 and we underscored after the objective that stand-replacing disturbance and anthropogenic disturbances were not taken into account in this study (lines 130-132), as they are not related with old-growth dynamics.

Could explicitly explain in the Methods section how exactly you inferred the secondary disturbance (gap fraction and amount of deadwood,..?) and why these measures are appropriate proxies for secondary disturbance? Finally, it would be great if you could shortly discuss in the Discussion the advantages & disadvantages of approximating secondary disturbances with gap fraction and amount of deadwood?

We now clearly explain in the methods that structural attributes such as high gap fraction, high volume of woody debris, and low basal area can be considered an indicator of recent disturbances (lines 277-283). At the end of the discussion, we added a new paragraph to better discuss the limits in using a synchronous approach to study regeneration dynamics in old-growth forests (lines 620-649). However, we also underlined in this part the advantages of this method given the numerous constraints inherent to this research subject.

Example that needs clarification:

Line 144 ff.: Hence, is fire no secondary disturbance? Is logging considered a secondary disturbance?

We have now clarified that fire is the main natural stand-replacing disturbance on the study territory (Kneeshaw et al. 2011). Even if low-severity fires are observed in Eastern Canada (Kafka et al. 2001), they are considered as relatively rare in comparison to other disturbances such as spruce budworm outbreaks or windthrows (Kneeshaw et al. 2011; Shorohova et al. 2011) and are therefore not mentioned.

We have also clarified lines 130-132 that logging was not taking into account in this study as it is an anthropogenic disturbance whereas we study the impact of natural disturbance regime. Similarly, we specified lines 163-164 that all the studied stands were primary forests, which mean that they have never been logged.

Line 381 ff.: could you please elaborate which types of secondary disturbances you are referring to here?

This part has been deleted with the changes in discussion structure. However, we have been careful to make better mention of the possible types of disturbance in the new parts (e.g., lines 467-471 or 484-485).

Line 470: Please elaborate on the kind of disturbance of balsam fir, which might be different from black spruce?

We have made several changes here to underline that black spruce and balsam fir are driven by the same disturbances but with different sensitivity and/or susceptibility based on the ecology of these study species (lines 567-574).

2\) Concerning the notion of "topography": To approximate "topography" you mainly measured "slope". To improve the clarity throughout the manuscript, I would add the notion of slope in parentheses after "topography" or entirely replace the notion of "topography" with the notion of "slope". Also, please explain why you chose "slope" as an important factor representative of "topography" and why you did not test effects of other topographic parameters such as altitude?

We made several changes in the manuscript to better highlight that we used the slope as an indicator of topography (e.g. lines 51-52 and 423-424).

We chose to not include other topographic variables such as the altitude for several reasons. First, the altitudinal range on the study territory is relatively stable, variations in elevation are unlikely to have a significant influence on stands, as would be observed in mountainous regions. On the contrary, it has previously been shown that the slope has a very strong effect on the composition and dynamics of forest stands in the study area (Barrette et al. 2018; Oboite and Comeau 2019). Due to the influence of glaciers on the topography of the study area, the majority of the slopes are exposed either to the east or to the west. Combined with the moderate variations in altitude and slope in the same area, we therefore chose not to include exposure in the study.

Finally, we also considered including TOPEX in our variables to get a better idea of the sensitivity of the study sites to windthrow (Ruel et al. 2002). However, preliminary analyses showed no significant influence. For the sake of concision, we therefore chose not to include it.

3\) Methods: Some important aspects of the methods are not clear:

Lines 154 ff.: When did you take measurements? During summers or the whole years of 2015/2016? Once per plot in these 2 years? Or once per plot per year?

Each plot was surveyed one year, in 2015 or 2016. This is now clarified line 162 and 221. More specifically, we made three passes in each of the stands studied during the same year: a first pass to select sites for final sampling (preliminary survey), a main sampling session where most of the variables were measured, and a last pass where some trees were felled to measure their height and collect basal disks. The last passage was done in order to optimize the presence of our colleague authorized to use a chainsaw in isolated areas. However, we do not think it is necessary to give all these minor details in the article to guaranty the reproducibility of this research.

Line 154: Stratified random sampling approach: Did you select from a larger set of possible forest stands? If yes from where (how many sites in total were available)? Also, 71 is not a multiple of 6; therefore not all environmental types are represented with the same amount of replicates? Could you indicate the number and distribution of selected forest stands that correspond to the environmental types? (e.g. you could add 6 different colours instead of the red colour for the dots in Figure 1)?

At the first step of the sampling, we realized an exploratory cartographic analysis based on the aerial surveys performed in 2007 by Quebec government (4th decadal forest survey). This survey divides the forest in different polygons, defined by a homogeneous age and potential vegetation class. It was also the most recent forest survey available on the study territory in 2015 and 2016. We selected all the polygons corresponding to the researched potential vegetations and situated at 200m buffer zone near to the forest roads. At this stage, several hundred of polygons were selected.

Then, we performed the preliminary field survey to identify which polygons were suitable for the final survey (i.e., stands that were not logged nor burned since the 4th decadal forest survey, stands near roads that are still open and for example not destroyed by local floods following the melting of snow, stands generally accessible). We also sampled cores at the base of five trees (two cores per tree) to estimate stand age. Indeed, the maximum age class of the aerial forest surveys is \>100 years, which is not precise enough for our requisites (lines 178-183).

Due to time constraints 94 sites were validated on field during the preliminary survey but only 71 could be eventually sampled, depending on their availability. For this reason, the most isolated sites were generally not sampled, unless they belonged to a hard-to-find class. Similarly, finding stands defined by black spruce--feather moss potential vegetation, gentle slopes, organic deposits, hydric drainage and under 200 years was difficult. This is probably because these stands are less likely to be burned (Madoui et al. 2010) but also less likely to be logged because of the low wood volume. As you can see on the map (Figure 1), we chose to sample a smaller proportion of these sites compared to other potential vegetation to avoid too great an imbalance between the two target age classes. Finally, we used a more precise method to estimate stand age during the final sampling in comparison to preliminary sampling (basal discs vs. cores, 10 trees vs. 5). For this reason, so some of the sampled stands eventually belonged to a different age group than initially expected.

We therefore add new sentences in the methods to better explain some of these different steps (lines 178-191) but we preferred to keep it the shortest possible.

Line 161: What is the "productive forest"? Did you not select from "unproductive forest"? I do not understand the meaning of this sentence.

In Quebec's typology, land cover can be classified between productive forest areas, unproductive forest areas (i.e., areas with trees but a potential wood volume at 120 years under 30m3/ha, e.g. peatlands) and non-forested areas (e.g., bogs, rocks, lakes). However, we agree that it is not clear for an international readership and we modified it by "The six dominant MFWP environmental types covered more than 72% of the forested area on the study territory" (lines 169-170)

Line 190: Could you explain in more detail how you measured gap length? Did you use hemispheric photography to do this?

This is now explained lines 206-207. Gaps were measured along linear transects using a method defined by (Pham et al. 2004) and adapted by (Martin et al. 2018). Hemispheric photography was unfortunately not used in this sampling.

-Somewhere in this section it would be nice to have a clearer/more structured description that you approximated "topography" by measuring slope using a clinometer, and that you approximated "secondary disturbance" by assessing "gap fraction" and "woody debris".

This is now clarified lines 221-222 for the topography. For the secondary disturbances, we thought that this part of the method was most suitable in the part "Data analysis" as it is an inherent part of data interpretation (lines 277-283).

Line 210: Did (40) measure the structural attributes in the same time period as the attributes presented in this study?

Yes, to optimize the fieldwork, everything was sampled in the same session, except tree height because we needed to fell the trees first (see lines 172-205 in responses to reviewers). Nevertheless, tree height was sampled the same year than the other attributes. Overall, regeneration data was not used by (Martin et al. 2018), even though it was sampled with the other structural and environmental attributes. We clarified line 221 that all the sampling in a same plot were performed the same year. Thus, we don't think that it is necessary to precise that regeneration sampling was made simultaneously to the sampling of (Martin et al. 2018). However, if you disagree, we could add this information in the manuscript.

4\) Analyses/Results:

Line 257: Could you elaborate a bit more about the significance of the SSI? I.e. what are high/low values? Is a grouping with a SSI of 2.23 much better than a grouping with SSI of 1.5 or only slightly better?

We clarified in the methods the mean of the SSI (lines 261-262), but we don't think it is necessary to discuss it in detail in the manuscript. The highest SSI value indicate the optimal partition but this doesn't mean that any other partition is wrong (see lines 357-372 in responses to reviewers). Depending on the context, it can be however interesting to prefer lower SSI values to facilitate the subsequent analyses or interpretation (e.g., if the SSI index keep increasing with the number of clusters, it could be preferable to have a lower number of clusters). As presented lines 357-372 in the responses to reviewers, changing the number of clusters doesn't significantly change the result but we think it was better to keep the optimal partition, as long as the number of clusters was reasonable.

Line 303 & 322 ff.: This Tables 3, 4 & 5 somehow show results that are not entirely consistent with your main message that "secondary disturbance" and "topography (i.e. slope?)" were the main drivers of regeneration in black spruce and balsam fir:

-e.g. black spruce seedling and sapling densities significantly correlate to cohort basal area proportion & minimum time since last fire (both measures of "succession" as far as I understand\[?\]) & also with soil organic layer depth. This is also reflected in cluster differences of Table 4. Unless I misunderstood your main message, I think it should be mentioned in the Discussion that in case of black spruce, successional stage and soil organic layer are also important drivers of regeneration dynamics.

-e.g., balsam fir significantly relates to woody debris and snag basal area and not to gap fraction, whereas black spruce relates mainly to gap fraction. Hence the two species are influenced by different secondary disturbance drivers: Could you elaborate on this more in the Discussion?

You are right, these points have not discussed enough. Although we observed a significant correlation between black spruce regeneration and MTSLF or CBAP, the bootstrapped regression indicated a limited influence of these factors (lines 361-374). Similarly, we observed no differences in CBAP and the significant differences in MTSLF doesn't necessarily indicate different succession stages. As discussed now lines 464-472, this probably means that the lowest CBAP values mean that the oldest trees died and have been recently replaced by younger trees. Indeed, the longevity of black spruce and balsam fir is relatively low (often \<200 years), whereas old trees are generally the most susceptible to secondary disturbances such as windthrows or insect outbreaks (Viereck and Johnson 1990; Sturtevant et al. 1997; Morin et al. 2009). This is for these reasons that the age of the oldest trees is not necessarily a relevant factor once stand age exceed 150 years and that the use of the CBAP should be preferred. Overall, the best solution to provide relevant synchronic analyses of old-growth forest dynamics would require extensive C14 analysis of coils in the soil, but unfortunately this is still far too expensive.

For these reasons, when stands are defined by equivalent CBAP values, we think that the study of structural attributes to reconstruct stand dynamics is the best solution available (as discussed now lines 622-649). However, we agree that the choice of this approach and the way we interpreted our results was not discussed enough. For example, we underline now why deadwood volume may be not the most relevant indicator of stand dynamics in black spruce forests lines 478-485. Indeed, due to the relatively thick moss layer in black spruce dominated stands, deadwood can be rapidly buried in the organic horizon (Moroni et al. 2015), a process less common in stands suitable for balsam fir due to the lower thickness of the organic horizon. As such, we observe in general lower deadwood volume in old black spruce stands in the comparison to mixed black spruce -balsam fir stands (Martin et al. 2018). This lower volume can be also reinforced by the size of the trees, which are generally smaller in black spruce-dominated stands (Bergeron and Harper 2009; Martin et al. 2018). Hence, it is likely that a significant fraction of coarse woody debris are retained in the deadwood surveys because of their low size (diameter \< 9cm) at the transect intersection.

Line 307 ff.: Also, I think correlation coefficients \>0.3 and especially \>0.5 cannot be described as "low" (see e.g. (Cohen 1988) where correlations are categorized as small, medium and large for r=0.1, r=0.3 and r=0.5, respectively). Considering the potential high variation in environmental conditions among your forest sites, I think a high significance suggests a relevant effect or co-variation with the respective drivers that should not be down-played. Therefore, I think you have to restate the interpretation of this part of the analysis (you can still emphasize that balsam fir showed higher correlation coefficients than black spruce). (Maybe I misunderstood you? For example you write "In general, correlation coefficients tended to be relatively low even when significant; this was especially true for black spruce as no correlation coefficient between sapling density and gap fraction exceeded 0.5" However, when I look at Table 3, the correlation of sapling density with gap fraction is 0.51\*\*\*?)

We apology, there is an error in the text. What we meant was that for black spruce, all correlation coefficients were under 0.5, except for the gap fraction. It is possible that this error has passed through the proofreading and revision phase.

We also understand your point about how we can qualify the correlations. In the manuscript, we preferred to remain prudent and not inflate the value of these correlations. The way in which the coefficients are classified can indeed vary greatly from one author to another. For example, based on (Hinkle et al. 2003), correlation coefficients ranging from 0.5 to 0.7 are classified as "moderate". We therefore provided several changes in this part to better emphasize these correlations.

-General comment: The analyses are somewhat descriptive and I was wondering, if these could be complemented by a more systematic analysis of drivers of differences among regeneration clusters?

-So for example, to test the relative importance of different environmental drivers, you could apply a variance partitioning scheme (e.g. "lmg" method (Lindeman et al. 1980) using the R-package by (Grömping 2006)) where the total amount of explained variance can be compared directly among drivers?

Thank you for proposing this interesting solution. During the preliminary analyses, we tested different methods such as regression or structural equation model to provide more systematic analyses but the results were not convincing and solid-enough in our opinion (the data were too "noisy" to produce satisfying models). However, we didn't thought about the possibility of using bootstrapping technics to reduce the influence of this noise. In particular, the method you propose provides a confidence interval for each of the parameters analyzed, which allows us to be more careful with the results of the regressions. We therefore add this analysis into the method as a complement to the correlations (methods: lines 271-276, results: lines 358-371, discussion: lines 434-436, Table 4). As you can see, it underscores the absence of any clear and strong driver for black spruce regeneration. In contrast, this analysis underscores the importance of balsam fir proportion in the basal area for balsam fir regeneration.

-You had this stratified random sampling approach according to "environmental types" but as far as I understand, you did not include this study design variable in your analyses? Did including this variable not affect your results; i.e. do groupings cluster along "environmental types" or not at all?

The environmental types were used as a guideline during the sampling to be certain that the stand sampled were representative on the study territory. Indeed, forest roads are built for the sole purpose of providing access to stands for logging in this region. It is therefore not certain that random sampling of forests near roads will ensure that they are representative of the territory. However, we did not choose to include them in the analyses, because we considered that the environmental attributes sampled (slope and thickness of the organic horizon) are more detailed indicators of the characteristics of the plot than potential vegetation. In addition, we considered that comparing the clusters with the potential vegetation would have be too heavy (e.g., a contingency table with 8 clusters and 6 potential vegetation) without providing more details than the results obtained from field data.

-k-means clusters' differences in environmental conditions: It would be interesting to see how robust your findings were:

\--For example: Would significant environmental driver differences among clusters change much if you used one or two groups more or less?

As you can see in the Tables 1 to 3 and Figures 1 to 3 in responses to reviewers, the general patterns observed with respectively 8 clusters for black spruce and 4 clusters for balsam fir don't significantly change in comparison to the results presented in the manuscript (however, for balsam fir, we preferred to split the clusters in 2 groups rather than 3 or 5 because of the low SSI values observed with these partitions). We think that one of the great advantages of our approach is its overall plasticity when observing complex processes (i.e., processes that cannot be summarized by a linear or near-linear trends based on a small number of parameters), which is the case in old-growth forests, while providing robust results (see also response to reviewers lines 231-240). Admittedly, its main limitation is then the interpretation of the different clusters, which must be done in carefully and requires a fine knowledge of the ecology of the ecosystems studied.

(Please, see the attached file to access the figures)

Figure 1: Scatterplot of black spruce regeneration with 7 clusters

Table 1: Environmental attributes of the 7 clusters of black spruce regeneration

Figure 2: Scatterplot of black spruce regeneration with 9 clusters

Table 2: Environmental attributes of the 9 clusters of black spruce regeneration

Figure 3: Scatterplot of balsam fir regeneration with 2 clusters

Table 3: Environmental attributes of the 2 clusters of balsam fir regeneration

\--This depends on how the environmental variables' values were distributed among the k groups. Was there a clear (linear or non-linear) gradient in slope or disturbance in the 2-dimensional space of seedling and sapling densities? Or was every BS or BF cluster a unique combination of environmental conditions? Could you show environmental gradients by colouring the points in the Figures 3 and 4?

For reasons of consistency, we think it would be relevant in this case to represent how all the variables of importance are distributed at the level of the sampled points. Presenting only the environmental variables might indeed seem strange to the reader.

We therefore propose adding two figures (Figures 5 and 6), showing the values of the different variables that proved significant to Spearman\'s correlations for black spruce and balsam fir regeneration densities. This way, it provides a panorama that we believe to be more exhaustive.

5\) Discussion: In contrast to the rest of the manuscript, I find the discussion somewhat unclear and speculative in many places; here I would appreciate if authors could stay more closely to their actual results and clearly indicate which statements are potential implications of the results.

Specifically:

Line 363 ff.: Did you test non-linearity or self-organized-ness of your regeneration dynamics? If yes, you would need to explain how and what the results were. Also, what do you mean by self-organized? I would remove these descriptions in the parentheses.

You are right, this part doesn't add relevant information and can be deleted

Line 366: It would be more clear if you replaced topographic with "slope". I would also write "Our analyses suggest that secondary disturbance and topographic constraints are the main drivers".

In this context, we would keep topographic constraints but with a precision: slope is an important factor but also the drainage, as indicated by the depth of the organic horizon

Lines 367 ff.: I do not understand why you make the reference to the temporal and spatial scales in this paragraph? As far as I understand you did not test any effects of temporal or spatial scales?

This is now clarified: Temporal scale is indicated by the influence of disturbance regime whereas the spatial scale is represented by the local changes in topography (i.e., slope and depth of the organic horizon) (lines 423-424).

Line 375: As already mentioned above, these Spearman correlations are not necessarily to be classified as low.

This is now corrected (line 431)

Lines 379 ff.: I do not understand why the significant effect of time since last fire is not relevant here?

This is now discussed in details lines 464-472. See also responses to reviewers lines 257-296.

Lines 406-416 Contain a lot of speculative statements: "Cluster BS7 became cluster BS6"; "and these tree layers are no longer subject to apical control upon the death of the mother tree"; "seedlings benefitted from these openings to produce to a high sapling density, i.e., cluster BS6 shifted to cluster BS5"; "clusters BS2 and BS3 shifted toward cluster BS7, reinitiating the cycle".

Please make it clear that the progression in regeneration dynamics you describe here are a potential pathway or in accordance or supported or suggested by your results but are NOT actually what you observed in your investigation (you did not follow a forest stand through time or measure apical dominance or investigated how a cycle can be reinitiated, as far as I understand).

Please also elaborate on how certain the suggested pathway is; i.e. are there also other potential pathways consistent with your results?

You are right, this part was too speculative, without clearly distinguishing the results from the hypothetical pathways that we deduce from it. This has therefore been largely corrected in the manuscript to be more factual (see Discussion). We have also indicated the possible alternative paths or other dynamics, but also the reasons why they seem less likely to occur (lines 521-531).

Line 435: This is a much better framing! "Competition with balsam fir could explain..."

This section has been changed to better highlight this hypothesis but we also discuss in more detail why it should be not the only point to take into account to explain the results observed (lines 434-458).

Line 440: Why do you infer that seedling growth is rapid; what is rapid in this case?

Indeed, "rapid" is not necessary here. We therefore removed it (lines 531-539).

Line 443: Why do you infer that there is a return to phase 1 from this point?

At this stage, the seedlings have now totally closed the gap. If the stand is not disturbed again in the next years, it means that gap-fillers will continue to grow in size and diameter, increasing the basal area. We also expect that new layers will progressively appear in the understory, as they can grow at this stage due to the absence of new gaps. For this reason, we think that stand structure return to the first phase (relatively high basal area and moderate gap fraction, high seedling density, low sapling density)

Lines 488-490: I do not understand the message of this paragraph.

You are right, it was not very clear. This is now clarified lines 595-601. As spruce budworm outbreaks is a species-specific disturbance (i.e., the mortality in balsam fir is significantly higher than black spruce ; Morin et al. 2009; De Grandpré et al. 2018), it has been therefore hypothesized that the presence of balsam fir in the old-growth stands were black spruce is still competitive can greatly vary in time.

Line 500: "..stand structure shifts to BF2"; I would restate that this is a suggested pathway.

This is corrected (line 607)

Lines 514-517: Can you explain this in more detail? I do not see why exactly the successional stages paradigm is clearly refuted? If you write "refuting the classical theory" in the conclusion; this theory has to be properly introduced in the Introduction and assessed in the Methods and Results sections (It would maybe anyway be good to do this, and clearly state where exactly your regeneration dynamics deviate from the classic ones). Also it would be nice if you could add a reference of the classical paradigm.

You are right, this was a clumsy phrasing and it has been modified. As discussed lines 652-658, most of the dynamics of boreal old-growth forests has been described along linear temporal chronosequences. Their relevance after a certain period of time since the fire is therefore questionable due to the increasing loss of accuracy associated with this information (lines 464-472 and see responses to reviewers lines 257-296). Hence, we wanted to underscore that the results of this study provide interesting alternatives to these previous models, as we hypothesize the inner-dynamics of old-growth forests under a secondary disturbance regime and not only the process of forest succession.

Line 521 ff.: What do you mean by "trends" in regeneration dynamics? As far as I understand, you did not assess trends, at least not in the sense of changes of regeneration dynamics over time?

"Trends" was incorrect, you are right. This has been replaced by "potential pathways" (lines 662)

Line 527: What do you mean by "treatments must be adapted to conditions within the eastern Canadian forest"?

These silvicultural treatments were previously developed in Europe more than one century ago, while in Canada remains at the beginning step (20 years ago). Thus, many information is lacking about how the response of Canadian forests stands in terms of growth, mortality, regeneration after partial cutting. This, more research is necessary to adapt these practices to the Canadian conditions (species, topography...). In the current version this question was clarified. We have preferred not to go into too much detail in this section in order to remain concise, but we have nevertheless chose to emphasize that near-natural management strategies must take into account the specific characteristics of boreal forests. For example, the risk of windthrow strongly increase when increase the harvested intensity (Bose et al. 2014; Fenton et al. 2014; Montoro Girona et al. 2019). Similarly, a too high proportion of basal area harvested can be detrimental to old-growth-related species (Fenton et al. 2014).

6\) Figures/Tables:

Table 1: Could you add a description when measurements were made? How many times per plot?

Since the measurements on each plot were conducted in the same year, we do not believe it is necessary to add this information to the table. Similarly, we do not believe that adding the sampling date adds any relevant information to the map: the methodology used was the same for the two consecutive years. As described lines 161-170 in the responses to reviewers, the final sampling was mostly carried out according to the various accessibility and logistical constraints. Hence, we think that this could reduce the clarity of the map without adding relevant information.

Table 2, 4 & 5: Could you indicate the number of study units and indicate if parametric or non-parametric tests were applied?

This is a good idea. For each attribute, the number of study units as well as the nature of the test is now clarified in Tables 2, 3, 4 and 5

Fig 1: It would be nice to show the coordinate system on the map. Also it would be nice to see the study design (i.e. the stratified random sampling); e.g. by colouring the dots of the study plots according to environmental types after which they were selected? Were the selected sites a subset from a larger set of sites? Can they also be shown on the map?

Due to copyright constraint, we also changed the general background of the maps. We have used these changes to highlight the different potential vegetation on the study sites and to add the coordinates on the map (Figure 1). However, we no longer have the exact locations of the sites during the preliminary surveys. We have indeed taken new GPS points, with a better accuracy, during the final sampling and representing the center of the plots. It is this data that was finally kept in our database.

Fig 3 & 4: It would be nice to see the distribution of important environmental driver's gradients as a colour code of the BS & BF cluster points?

As discussed lines 395-406 in the responses to reviewers, we think that it would be clearer to add new figures rather than adding colors in these figures (Figures 5 and 6).

Fig 5: Nice paintings!! I find the arrows going up and down indicating the slope a bit confusing. Does this mean there are there no clear gradients of slopes in a specific direction in this two dimensional space of seedling and sapling densities (at least in the case of black spruce)? It would be nice to see the distribution not only of slope but also of secondary disturbance (-symptoms such as gap fraction) across the two dimensional space of seedling and sapling densities. You could also do this by e.g. by colour coding the background or otherwise only one (if necessary, bent) arrow per environmental driver.

Thank you for the compliment, the painter was very happy to know that you liked the illustration! Indeed, changing the shapes of the arrows based on the slopes was maybe quite confusing. For this reason, we propose minor changes in the figure where the emphasis is placed on the processes rather than the topography. We then add comments near to the arrows to better explain the changes observed in the stand structure or environment (in the case of paludification), as well as the characteristics of the slope when necessary. For example, for black spruce regeneration, the slope is important only for clusters BS1 and BS8 (in this case, the low slope results in a low drainage, hence stand paludification). However, for the other clusters, precising the slope is not necessary as the general processes are the same.

Finally, we don't think that adding colors in the background is suitable because it could make it more difficult to read the figure. We think that the different changes in the arrows and text will clarify the figure while keeping it understandable.

MINOR COMMENTS

Abstract:

Line 46: You could clarify the notion of "secondary disturbance" by adding what kind of disturbance you mean (i.e. pathogen outbreaks) and by adding a short description how you assessed it (i.e. by assessing the gap fraction?).

This is now clarified line 51.

Line 47: You state you assessed effects of "topography" but what you mainly measured was "slope". 1) To improve the clarity, I would add the notion of slope here or 2) replace the notion of "topography" with the notion of "slope". (If you do it here, I would do it throughout the manuscript).

As written lines 140-158 in response to reviewers, we have now taken care to clarify what the topography means in the manuscript. For this part of the abstract, we however think it is important that topography can be either represented by the slope or the drainage in specific case (paludification) (lines 51-52)

Line 49-51: Did you really observe this temporal change in forest dynamics? Or did you rather infer this from the characteristics of the different clusters you identified? Please clearly indicate that you did not measure such a progression but instead that the patterns you find actually suggest such a progression as described.

We now precise that the patterns are explained by indirect indices (lines 49-56). However, due to the limit in word numbers for the abstract, we cannot add many details here.

Line 52-54: Could you please rephrase this statement? I do not exactly understand what is meant here.

Done (see lines 49-50).

Introduction:

Line 64 & 80: Did you mean "anthropogenic"?

Thank you for noticing it. This is now corrected lines 67 and 83.

Line 127 ff.: Please clarify (2): Do you mean the differences between black spruce and balsam fir regeneration dynamics; OR did you mean the differences between the respective stages of the regeneration process (i.e. "clusters") for both species?

What we mean is the first option you presented. To avoid confusion, we can say that what we observe is the \"general\" regeneration dynamics of the species (lines 134-135).

Materials & Methods:

Line 197: Did you mean "seedling" here?

Yes, it is now corrected (lines 215)

Conclusion:

Line 518: importance for what?

This word is now deleted.
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